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0 Foreword 



The present foreword addresses itself to readers with a previous knowledge, or in- 
terest, in pseudodifferential analysis, modular form theory or quantization theory. 
The book itself, however, to start with the introduction which follows, has been 
written under no such assumption, and everything needed will be recalled in due 
time. 

A. Pseudodifferential analysis: First and above all, this is the study of a certain 
class of pseudodifferential operators in one variable, namely those whose Weyl 
symbols are automorphic distributions on E^, i.e., distributions invariant under 
the linear action of the group T = 6'L(2,Z): these symbols are interesting, but 
singular objects. The spectral theory of the Euler operator in L^(T\R^) - a Hilbert 
space the very definition of which may involve the Weyl calculus - shows that 
automorphic distributions are linear superpositions of the following elementary 
distributions: the Eisenstein distributions (of which a continuous family is needed) 
and the (exceptional) cusp-distributions. The main object of this study is the 
construction of a multiplication table - in other words a symbolic calculus - for 
the associated operators. 

From the point of view of pseudodifferential analysis, one interest of this work 
lies in that it requires handling, and composing, extremely singular operators. 
When automorphic distributions are taken as symbols, a composition formula of 
the familiar type such as 



~ /ii/i 2 + (4i7r) (0.1) 

would be totally inappropriate, since none of the terms on the right-hand side could 
have in general any signification. This calls for a drastic change of point of view, 
putting the emphasis, on the phase space E^ too, on spectral-theoretic concepts 
rather than differential geometry. Also, it is useful to extend the Weyl calculus Op 
as a more general calculus Op^ depending on some integer p>0: besides its role 
in smoothing up some of the difficulties inherent in the Weyl calculus proper, this 
extension may have some interest from the point of view of harmonic analysis - 
it yields a parameter-dependent generalization of the metaplectic representation 
- and appears in the analysis of certain relativistic wave equations; it is also the 
natural pseudodifferential analysis to use in problems dealing with functions on 
the real line, flat up to a specified order at zero. Other by-products include an 
improved version of Cotlar’s lemma about sums of ‘‘almost-orthogonal” operators 
(in Section 10), and some understanding and applications, from the point of view 
of operator theory, of the complement of the symplectic Lie algebra 5 p(n,E) in 
the full linear algebra g/(2n,E) (Section 12). 

B. Non-holomorphic modular form theory: There is no classical way to turn spaces 
of automorphic functions on the half-plane into non-commutative (associative) al- 
gebras: the main point of the book is that, taking a quantum point of view, such 
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a construction is possible, even quite natural. The trick is to associate operators 
to automorphic functions (relying on some symbolic calculus of operators) and 
consider the composition of operators. The composition formulas bring to light, 
in a novel way, much of the structure pertinent to the study of non-holomorphic 
modular form theory, such as the zeta function, Hecke’s theory, L-functions and 
convolution L-functions. Even though we could have worked throughout on the 
half-plane, we have found it much better, for several reasons, to transfer automor- 
phic functions to the plane M^, where they become objects T-invariant under the 
linear action of some arithmetic group. This forces one to work with distributions 
rather than functions, but apart from this harmless fact, it has only advantages: 
one of these is that the algebraic structure on the space of automorphic distribu- 
tions can be defined solely in terms of the - immensely popular - Weyl calculus of 
operators (c/. supra). The main result (Sections 5 and 15) expresses the composi- 
tion of any two Eisenstein distributions as the image of a quite canonical ‘‘Bezout 
distribution” (related to Poincare- Selberg series) under a simple, but interesting, 
operator: more details can be found in the following introduction. 

C. Quantization theory: Under this vocable, we mean the definition and study of 
rules of symbolic calculus associated with the consideration of nice “phase spaces” : 
such a space could be (on which there are more possibilities than what is 
usually believed, including the Op^-calculus referred to in the first part of this 
foreword), or T\R^ (the main object of study here), or a homogeneous space, or 
(tentatively, at least) some of the spaces of interest in algebraic geometry. Writing 
this monograph has confirmed again our feeling that deformation quantization (the 
“small parameter” point of view) may not be the more fruitful point of view. Since 
this position ~ also based on a fairly wide experimentation with the construction of 
alternative pseudodifferential analyses, over a span of years - lies outside the more 
popular trends, we have found it useful, in a last, largely self-contained, expository 
section, to indicate what could be some lines of a program in this direction. It is 
to be noted, in particular, that concepts relative to the composition of symbols 
are given a much wider realm than is usually the case, even (c/. Section 17) in the 
case of the one- dimensional Weyl calculus. 
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The group SL{2^R) acts on the Poincare upper half-plane II as a group of frac- 
tional-linear transformations z Given a discrete subgroup T of 5'L(2,R) 

such as r = *SL(2, Z) (with one exception in Section 18, this will be the sole case 
considered in this book), the P-invariant functions / on II are called automorphic 
functions: they can be identified to functions on any fundamental domain of the 
action of P, by which is meant any domain in II containing essentially - i.e., up to 
a negligible set - one point in each P-orbit. A non-holomorphic modular form is an 
automorphic function on II which is at the same time a generalized eigenfunction 
of the Laplace-Beltrami operator A for some eigenvalue . 

One of the themes of the present work is that moving from the half-plane II to 
the plane , on which P acts in a linear way, is advantageous in several important 
aspects. Let us discard, to begin with, the first argument against this idea: there 
is no fundamental domain for the action of P in True, and no continuous non- 
constant function on qualifies as a P-invariant function. However, P-invariant 
distributions do exist, and are the central object of this study. Besides the Dirac 
mass at the origin, the simplest example available is the Dirac comb, supported 
in I? . Since the Euler operator E = ^ + extra term 1 makes 

E a formally self-adjoint operator on commutes with the linear action of 

S'L(2, M), the terms of the (continuous) decomposition of the Dirac comb into 
its homogeneous components of degrees — 1 — iA are themselves P-invariant: we 
call them the Eisenstein distributions. 

It is very classical to denote as L^(P\n) the Hilbert space consisting of all 
automorphic functions whose restriction to some fundamental domain of P in 
H is square-integrable with respect to the invariant measure on H: indeed, this 
Hilbert space does not depend on which fundamental domain you choose. It is 
not as obvious, on the other hand, how to define a Hilbert space Z/^(P\M^) of 
automorphic {i.e., P-invariant) distributions on but this can be done, which 
will be our first task. 

A connection between automorphic distributions and non-holomorphic mod- 
ular forms is best seen with the help of the (one-dimensional) Weyl calculus of 
pseudodiflFerential operators, a fixture of our story. This is a certain map which 
associates an operator Op(/i) acting on functions of one variable to functions h 
of two variables. More precisely, Op(h) is well defined as a linear map from the 
Schwartz space S(R) of rapidly decreasing functions on the real line to the 
dual space S'{R) of tempered distributions whenever h lies in the space tS'(M^): 
Op(h) is called the operator, or pseudodifferential operator^ with symbol h. It is 
customary to set Op(hi)Op(/i 2 ) = Op(hi#/i 2 ) when the left-hand side makes 
sense: thus, the composition of operators gives rise to a partially defined bilinear 
composition # of distributions in two variables. 

One of the niceties of the Weyl calculus is its covariance under the metaplec- 
tic representation^ a concept which we now explain. It may be a little difficult to 
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visualise a topological group which would be a two-fold cover of 5'L(2,M), i.e., 
a connected group 5'L(2,R) together with a homomorphism from 5L(2,M) to 
5'L(2,M) the kernel of which would have exactly two elements. However, such a 
group exists, for reasons having to do with homotopy theory (the so-called funda- 
mental group 7 Ti( 6'L(2, M)) is isomorphic to Z, of which Z/2Z is a quotient group): 
it is called the metaplectic group, and any of the two elements of SL{2, M) which go 
to some given element g of 5'L(2,R) under the homomorphism referred to above 
is said to lie above g. Now, there is a canonical isomorphism between 6'L(2,R) 
and a group of unitary transformations of the Hilbert space L^(R), namely the 
group generated by the transformations u v with v{at) = a~^u{a~^t) for some 
a > 0, or v{t) = u{t) expzTrct^ for some c G R, or v = e~^ where T is the 
Fourier transformation. Any unitary transformation U in the metaplectic group 
restricts as an isomorphism from the space <S(R) onto itself, and extends as an 
isomorphism from the space <S'(R) onto itself. The covariance property of the Weyl 
calculus refers to the formula U Op{h) U~^ = Op{h o g~^): it is valid whenever h 
lies in <S'(R^) and U lies above g G *S'L(2,R) in the metaplectic group. 

It is to be noted that the two unitary transformations of L^(R) which lie, in 
the metaplectic group, above the same element g of 6'L(2,R), are simply related 
since one is the product of the other by the transformation which^onsists in 
multiplying by —1: this will make the fact that the map U ^ g: 5L(2,R) 
5L(2,R) is two-to-one rather than an isomorphism essentially harmless. Denote, 
for reasons to be apparent presently, as Ui the (even) function t i— > on R, 

renormalized so as to have norm 1 in the space T^(R); in a similar way, denote 
as u\ the renormalized version of the (odd) function t te~^* .If g = (cd) ^ 
5L(2, R), and is a unitary transformation in the metaplectic group, lying above 
the point it turns out that, up to the multiplication by some factor, depending 
only on g, oi modulus I, the functions Uui and Uu\ agree with a pair of functions 
Uz and u\^ depending only on the point 2 : = ~ fl+l* 

knowledge of 2 : = q.i, on the other hand, only implies that of the class qK, with 
K = SO{2), in S'L(2,R). 

Then, any symbol h G <S'(R^) invariant under the linear action of the matrix 
—I (in this case, Op{h) preserves the parity of functions) can be characterized 
by a pair of functions on H, namely, with p = 0 or 1, the two functions 2 : 1 -^ 
{uP I Op{h)u'P). The fundamental point (a consequence of the covariance of the 
Weyl calculus together with our construction of the functions p = 0 or 1) 
is that if h is an automorphic distribution in R^, these two functions on H are 
automorphic in the usual sense: with the help of the Weyl calculus, we are thus in a 
position to establish a one-to-one correspondence between a space of automorphic 
distributions (on R^) and a space of pairs of automorphic functions on H. Under 
this transfer, a certain Hilbert space of such pairs (for the cognoscenti only: the 
space of Cauchy data for the Lax-Phillips scattering theory) finally becomes the 
space L^(r\R^) we have been looking for. 
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The structure of this space is, up to a point, well understood. Elements of 
this space are superpositions of the following building blocks, hereafter referred to 
as elementary automorphic distributions: the Eisenstein distributions, of which a 
continuous superposition is needed; and a countable family of much more myste- 
rious cusp- distributions . 

The next question is to better understand the cusp-distributions. Could one 
define a generating object for all elementary automorphic distributions, in a way 
comparable to the way the Dirac comb can be decomposed into Eisenstein distri- 
butions? The answer is yes, and is introduced early in this work under the name of 
Bezout^s distribution and denoted as 03. It can be thought of as being associated 
with a comb of straight lines in in just the same way the Dirac comb is a comb 
of points. 

That the above-defined correspondence between automorphic distributions 
(on and pairs of automorphic functions on II links the spectral theory of the 
Euler operator on to that of the Laplacian on II can be traced to the formula 

(a - i j « I 0p(/i)0 = « 1 Op(7r^ h)ul), (1.1) 



which expresses that if h happens to be homogeneous of degree — 1 — iA, the scalar 
product {u'^ I Op(h)i^f), as a function of z, is a (possibly generalized) eigenfunc- 
tion of A for the eigenvalue In particular, under this correspondence, the 

Eisenstein distribution rise to a pair of modular forms both proportional 

to the usual Eisenstein series E i-ix : this is the modular form defined by complex 

2 

continuation from the series (convergent when Re z/ < — 1) 






m,nEZ 
(m,n) = l 



\mz — n[ 
Im 2 : 



( 1 . 2 ) 



It is now possible to point towards a few of the advantages offered by the 
whole construction. First, has more symmetries than II since, besides the linear 
action of SL{2,R), it is also endowed with the action of R^ itself by translations. 
Next, the very concept of homogeneous automorphic distribution is slightly sub- 
tler than that of non-holomorphic modular form. For any given non-holomorphic 
modular form gives rise to two automorphic distributions (linked by the Fourier 
transformation on R^), each one corresponding to the choice of a square root of 
A^: in this way, the linearly independent automorphic distributions corre- 

spond to the linearly dependent Eisenstein series E i±ix , and the same goes for 
cusp-distributions versus non-holomorphic cusp- forms. 

The fundamental novelty, which leads to most of the developments in the 
present paper, lies in the interpretation of automorphic distributions as symbols 
of operators. For, with any luck, such operators might be composed, and this would 
provide the space of automorphic distributions with the structure of an associative 
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algebra. However, there are considerable difficulties, which we shall first overlook 
so as to present some of the final results: later in this introduction, we shall explain 
the origin of these difficulties and the way they are to be solved. 

In linear analysis (and in quantum mechanics as well), it is always a good 
idea to substitute for the study of a given self-adjoint operator A that of any 
commutative algebra, as large as possible, of self-adjoint operators, containing A as 
an element. For the case of the operator A - which admits a self-adjoint realization 
in the space L^(r\H) of automorphic functions - such an algebra was introduced 
by Hecke: besides A, it consists of a sequence (T/v) n>i of explicit (not differential) 
operators of an arithmetic nature, to be completed by one extra operator. All 
this transfers to the automorphic distribution level, to a sequence (T^^®^)tv>i of 
operators, to be completed by the operator such that /i)(x, ^) = 

h(— x,^): this last operator permits splitting automorphic distributions as sums of 
automorphic distributions of parities 0 and 1. Together with the Euler operator 
£* and the sequence (T^^®^) jv>i generates a maximal commutative algebra 

of self-adjoint operators on the space L^(F\M^), and the elementary automorphic 
distributions that have been alluded to above are exactly the joint eigenfunctions 
of all operators in this commutative algebra. 

It is useful to introduce a generating series for all Hecke operators, setting 
C{s) = for complex s with Re s large. Multiplying £(s) by some 

Gamma-like function, in the spectral-theoretic sense, of the two operators 8 and 
j^dist, finds an operator C\s) the complex continuation of which, as a function 
of s, satisfies the simple functional equation C {1 — s) = C' {s) x (— The 
main formula (Theorem 15.1) of the book can be expressed as 



"^iXi 



“^1X2 



= £' 



1 + i (A -h A 2 ) 






1 + i (Ai — A 2 ) 



03 



-f side term , 



(1.3) 



where tf is, up to a slightly different normalization, just the sharp composition # 
of automorphic distributions corresponding under the Weyl calculus Op to the 
composition of operators, iF is the Fourier transformation on M^, 03 is the Bezout 
distribution the existence of which, as a canonical generator of all elementary 
automorphic distributions, has been asserted above, and the side term is a simple 
linear combination of four Eisenstein distributions. 

It is a consequence of the covariance of the Weyl calculus under the metaplec- 
tic representation that hi#/i 2 (or /iit]h 2 ) has to be an automorphic distribution 
whenever hi and /12 are. The equation (1.3) is thus only the first entry - in some 
sense, but not all, the one most difficult to get at - in a multiplication table, the 
entries of which should give the decomposition into elementaries of the t] -product 
of any two elementary automorphic distributions. This task has been pushed up 
to some point, but not fully completed, in Section 16. We have also, in the same 
section, hinted at a partly conjectural unified formula, stated in terms of Eulerian 
products. 
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Early in this work (in Section 5), we give a heuristic proof of the main for- 
mula (1.3), which makes a clear understanding of the role played by the two factors 
possible. However, the genuine proof of this formula entails consider- 
able difficulties, and will be given later, in Sections 13 to 15. The most serious one 
arises from the fact that a -product such as tj ^ 1^2 quite meaningful in 

the usual sense, since the associated operators cannot be composed. To lower our 
requirements, we may satisfy ourselves with the demand that all operators that 
have to be dealt with should act on the space linearly generated by the functions 
uP, p = 0orl,zGH, and should be valued in the algebraic dual of this space: this 
is the bare minimum needed for applications to modular form theory. However, 
the operator whose Weyl symbol is an elementary automorphic distribution does 
not even send Uz into L^(M), which prevents us, if p = 0, from defining 

«|0p(4j0p(g»,j<): = (Op(eL,,J<|Op((£«,J<) (1.4) 

as we would like to do: however, on the other hand, this definition is all right if 

p= 1. 

There are two ways to circumvent this difficulty. The cheaper one, which 
we have used in the explicit computations, is based on the remark (Proposition 
13.1) that one can sometimes define the image under the Euler operator S of 
the symbol h of some operator A without being able to define either h or A: 
the trick is to consider instead of A the operator PAQ — QAP^ where Q and 
P are the two canonical generators of Heisenberg’s representation in L^(R). This 
just works with our problem, and makes it possible to define the t] -product of 
any two Eisenstein distributions modulo some distribution homogeneous of degree 
— 1, which has to be a multiple of the Eisenstein distribution (^q if automorphic. 
Adopting this point of view, which we have done in all arithmetic computations, 
has the advantage that one may still work with the Weyl calculus, though with a 
rather indirect definition: another one is the explicit character of the composition 
formulas. A disadvantage is that the composition of operators used in this context 
exists only in such a weak sense that giving a meaning to the composition of three 
operators the Weyl symbols of which are elementary automorphic distributions - 
which would be necessary to support a claim of associativity - seems at best a 
remote possibility. 

There is a deeper way to deal with the problem, based on the embedding 
of the Weyl calculus Op into a certain sequence (Op^)p=o,i,... of calculi. As soon 
as p > 1 {i.e., with the exception of the Weyl calculus itself), the composition 
of two operators the symbols of which are elementary automorphic distributions 
has a genuine meaning in the Op^-calculus, an even stronger one (Section 10) 
if p > 2: finally, any given number of operators with homogeneous automorphic 
Op^-symbols can be composed (Theorem 10.7) if p is large enough. Just like the 
Weyl calculus, the Op^-calculus benefits from some covariance property, linked to 
some (inequivalent) variant of the metaplectic representation: as a consequence, 
the composition, in the sense of the Op^-symbolic calculus, of two automorphic 
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distributions, is again (when well-defined) automorphic. Constructing the Op^- 
calculi will take time: however, besides their role in smoothing up the Weyl cal- 
culus somewhat, when dealing with very singular symbols, these calculi may have 
an importance of their own. On the one hand, they seem to be the right pseudod- 
ifferential analyses in problems dealing with operators acting on functions fiat up 
to a certain order at zero; next, their construction may be considered (Section 8) 
as paralleling Dirac’s construction of the wave equation for the electron, except 
that instead of just one operator one has to consider a pair of non-commuting 
operators; finally (Section 7 about the horocyclic calculus) they provide a way, in 
quantization theory, of dealing with some of the not so nice features (the symbol 
map is not an isometry) inherent in the quantization of symmetric spaces. 

We take this opportunity to give, in Section 17, a full proof of a theorem, 
somewhat carelessly treated in [62, Section 5], dealing with the one-dimensional 
Weyl calculus in general (not that associated with automorphic symbols): the 
point is that there exists a composition formula completely different from the 
well-known one, and that it is the one suitable when the metaplectic representation 
enters the picture in any serious way. Contrary to the usual (Moyal-type) formula 
~ /ii/i 2 4- (4i7r)“^ {hi, ^ 2 } + * * ' , it has an extension to the Op^-calculus, 
though we have not made the coefficients of this formula fully explicit (they are 
given instead by recurrence relations with respect to p). One may mention here 
too that, as has been proved by our student Bechata [5], this formula extends to 
the Weyl calculus on (complex- valued functions on) p-adic numbers, whereas the 
more familiar one would be meaningless too in this case. 

We wish to strongly stress again that, in the arithmetic situation which is 
the environment of this paper, there is a symbolic calculus of operators, but the 
composition formula cannot bear any relation to the one we have grown accus- 
tomed to, or to any concept based on Taylor expansions and on classical objects 
such as the pointwise product of symbols: this composition formula is precisely 
the multiplication table the construction of which has begun here. This is not as 
exotic as one might think and, at the end of this work, we have inserted an in- 
formal section entitled “new perspectives in quantization theory” , partly to show 
that the nature of composition formulas in alternative pseudodifferential analyses 
is much more varied, and linked to interesting spectral theory, than experience 
with the sole Weyl calculus might lead one to believe. The same section contains 
a small number of open problems, mostly of a harmonic analytic nature, some of 
which look quite feasible, even though extensive work may be required towards 
their solution. 

Before we leave this introduction, we want to address ourselves, again, to 
our readers more interested in modular form theory, especially in facts about the 
Rankin-Cohen products. These are expressions 

^ ') (*’ ; ') ft" A" 



(1.5) 
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which permit building a sequence of holomorphic modular forms of weights ki + 
k 2 + 2j from any pair of holomorphic modular forms /i, /2 of weights ki and 
/c 2 . These bilinear expressions were first introduced by H. Cohen [12] (Rankin had 
considered a special case in [40]) and enjoy quite a popularity at present [70, 13, 
10, 11, 39]. We urge our readers interested in Rankin-Cohen products to have a 
look at the quantization Section 19, in particular the part of it relative to the 
composition formulas, to see why, in connection with some appropriate symbolic 
calculus, the composition formulas given in [63], the main ingredients of which were 
just Rankin-Cohen products, had a status quite comparable - but the symbolic 
calculus and the phase space were different - to, say, the composition formula from 
our present Section 17. Only, discrete Hilbert sums rather than direct integrals had 
to be considered there; in the arithmetic situation which is the most important 
object of the present work (Chapter 3), both discrete sums and integrals have to 
be considered simultaneously. 

The methods in the present work, by definition, have to rely on ideas from 
two usually separated fields of activity. The present author is certainly more at 
ease with pseudodifferential analysis, which he has practised for decades, than with 
number theory. But he believes that his lack of competence in this latter domain 
is a guarantee that this book will be accessible to analysts in general: he can 
only hope that practitioners of modular form theory will view with a sympathetic 
eye these attempts, by an analyst, at familiarizing himself with some of the more 
elementary tools of their fascinating trade. 




Chapter 1 



Automorphic Distributions 
and the Weyl Calculus 

2 The Weyl C 2 dculus, the upper half-plane, 
and automorphic distributions 

The defining formula of the Weyl calculus [68] is 

{Op{h)u){x) = J dydr], ueS{R). (2.1) 

The operator Op(h) is called the operator, or pseudodifferential operator, with 
symbol /i. If he 5'(R^), the space of tempered distributions on R^, then Op{h) 
is a well-defined linear operator from the space <S(R) of rapidly decreasing 
functions on R to <S'(R), and the map Op so defined is an isomorphism. One 
way to see this is to introduce, for any pair tt, v of functions in <S(R), the Wigner 
function W{v,u) on R^ defined as 

/ CXD 

v{x + t) u{x - t) dt. (2.2) 

-OO 

Then, as is easily seen, W{v,u) G tS(R^), and for every h G <S'(R^) the formula 
{v\Op{h)u) = {h,W{v,u)) 

= [ h{x,^)W{v,u){x,^) dxd^ ( 2 . 3 ) 

JR2 



is a proper definition of Op(/i): observe that we define scalar products ( | ) as 
being antilinear with respect to the argument on the left. The symbol h lies in 




12 



Chapter 1. Automorphic Distributions and the Weyl Calculus 



if and only if Op(/i) extends as a Hilbert- Schmidt operator on It 

is often useful to note that W{v,u) is also the symbol of the rank-one operator 
w 1 -^ {v\w)u. 

The Weyl calculus of pseudodifferential operators was introduced by H.Weyl 
in 1926, as an answer to questions regarding the early theory of quantum mechan- 
ics; a somewhat similar motivation - with considerable incentive from harmonic 
analysis as well - will be present in Section 19. But the main current importance 
of pseudodifferential analysis lies in its role as the basic tool in the modern treat- 
ment of linear partial differential equations. One should mention that, though 
Weyhs formula was mentioned in the Kohn-Nirenberg foundational paper [28], it 
is mainly the standard calculus (which will be needed in (11.22), where it plays 
a minor role) that has been used, up to comparatively recently, by analysts: for 
this calculus, there is no covariance under the metaplectic representation. The 
literature on pseudodifferential analysis and its applications to partial differen- 
tial equations is immense: our first choices would be the treatises [51, 24, 45] by 
Treves, Hormander, Shubin. A short introduction to the Weyl calculus, with more 
emphasis on harmonic analysis than on partial differential equations (thus closer 
from our present point of view) can be found in the Chapter 0 of [65]. No previous 
familiarity with the Weyl calculus, however, would be of much use in the present 
work, in which new methods had to be built from scratch. 

Recall [67] that there exists a certain twofold covering S'L(2, M) of the group 
5'L(2,M) and a unitary representation Met of 6'L(2,M) in -L^(M), preserving the 
space S{R) and extending as a representation within the dual space <S'(R) such 
that, for every g G S'L(2,R) lying above some point g G 5^(2, R), and every 
tempered distribution h on R^, the covariance rule 

Met(^) Op(h) Met(^)“^ = Op(h o g~^) (2.4) 

should hold: Met is the ^called metaplectic representation. The set of all unitary 
operators Met(^), g G 5L(2,R), is generated as a group by the operators of the 
following three species: 

(i) transformations v[x) = a~^u{a~^x)^ a > 0; 

(ii) multiplications by exponentials expzTrca:^, c real; 

(hi) e~^ times the Fourier transformation. 

These three transformations are associated with points g that lie above the points 
^ = (|^ ^^i) ^ ill) and o) of 6'L(2,R). As a consequence. Met is not an 
irreducible transformation, but acts within and Lq^^(R) separately: the 

two terms can then be shown to be acted upon in an irreducible way. It is an easy 
task to check (2.4), starting from (2.1), in each of the three cases above. 

A first consequence of the covariance formula (2.4) is that, given any two 
symbols hi and /i 2 , say in L^(R^) (the associated operators are then Hilbert- 
Schmidt operators on (R) , thus can be composed in the usual sense) , and given 
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any {^d)^ SL{2,M), the formula 

{hi o (“ °itd)) = {hi#h 2 ) o (“ ^) (2.5) 

holds. In particular, h\ and /i 2 are invariant under the action of a certain element 
of 6'L(2,M), so is by definition the symbol of Op(/ii) Op(/i 2 ). From the 

second interpretation of the Wigner function given right after (2.3), and from the 
covariance formula (2.4), it also follows that 

W (Met(^) V, Met(^) u) = W (v, u) o g~^ (2.6) 



if u, u G tS(M) and g G 5'L(2,M) lies above g G 5'L(2,M). 

On we shall always use the symplectic Fourier transformation T", de- 
fined as 

{Th){x,e^ ( h{y,ri)e^^^^-^-yiUych]. (2.7) 

It is more intrinsic than the usual Fourier transformation, which depends on the 
choice of a scalar product on M? rather than a two- form: in particular, it com- 
mutes with the linear action of the group SL{2, M) on R^. In connection with the 
Weyl calculus, however, we shall often use instead Q = 2^*^^^, (c/. infra for the 
signification of 2^^^^ if in doubt): here E stands for Euler’s operator, as defined by 






( 2 . 8 ) 



(the extra constant makes it formally self-adjoint on L^(R^)), so that 



{gh){x,0^2 [ h{y,r])e‘^"^^^y y^^dydr]. 



(2.9) 



Concerning the use of Q, let us remark - the verification as a consequence 
of (2.1) is immediate - that, if G <S'(R^), Gh is the symbol of the operator 
u I— > Op{h)u, where u{x) = u{—x): in particular, G^ is the identity transformation. 
Then, operators with ^-invariant symbols vanish on 5odd(l^)5 and those whose 
symbols change to their negatives under G vanish on <Seven(I^)- On the other hand, 
even distributions on R^ are just the symbols of the operators that commute with 
the map u u, in other words the operators which send <Seven(I^) to ^even(^) 
and <Sodd(I^) to KM- Even-even symbols h are those of operators which vanish 
on <Sodd(I^) and send S{R) to they are characterized as being even 

distributions invariant under and there is a similar notion of odd-odd symbol 
(even, invariant under —G)- 

We assume some familiarity with the general spectral theory of self-adjoint 
operators, as can be found in treatises of functional analysis, for instance [41, 69], 
in particular with Stone’s theorem about groups of unitary operators and their 
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infinitesimal generators. The Euler operator S is essentially self-adjoint on 
when (7^(M^\{0}) is taken as its initial domain. One has 

h){x^^) = th{tx^t^) ( 2 . 10 ) 

for every h € L^(R^) and t > 0: besides the fact that the map t is a 

group homomorphism, this means in particular that 



4 = 2mSh 

t=l 



if heC^{R^\{0}). 



The operator is a continuous endomorphism of the space <S(R^), and extends 
as a continuous endomorphism of the dual space <S'(R^), setting 

h) = (6, (2.11) 

whenever h G 5(R^) and 0 G 5'(R^), or 

/^^-1-2i'k£ /l) = (0, (x,(^) I— > h{tx,t^)) . (2.12) 

A distribution 0 is homogeneous of degree — 1 — z/ if and only if 0. 

We now recall the spectral theory of the operator i.e., the decomposition 
of functions h in L^(R^) into homogeneous parts. Actually, we shall only have 
to deal with the subspace Lg^gj^(R^) of L^(R^) consisting of even functions: this 
simplifies notation a little bit. 

Any function h G <S(R^) can be decomposed as the integral 




into functions homogeneous of degrees —1 — zA, setting 



1 

h\{x,0 = l^ / f^h{tx,tOdt: 
Jo 



(2.13) 



(2.14) 



indeed (2.13) follows from (2.14) together with an application of the one-dimen- 
sional Fourier inversion formula to the function /(r) = /z(e'^x, e^^). 

In the case when h is even, one can recover h\ from the function on the 



real line defined as 


h\{s) = hx{s,l) 


(2.15) 


since one may write 


> 

II 

iTiy 

1 

1 

> 


(2.16) 


One then has 


nOO 






ll^lli2(E2) = 47T / ||^Alli2(E) 7 

J — oo 


(2.17) 
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a formula which permits extending the definition of h\ as an element of L^(R), 
for almost every A G M, whenever h lies in the formulas (2.13) and 

(2.17) together provide the spectral decomposition of Euler’s operator in the space 
Lg^g^(R^). It will often be necessary to consider the complex continuation of the 
function X h\, getting the function u h-ii,, with 

1 

h-ij,{x,^) = — J t"" h{tx,t^)dt, (2.18) 

as a result: if h lies in <S(R^), the function h-ii, is well defined for Re > — 1, a 
function homogeneous of degree — 1 — z^in R^\{0}. Again, we set 

1) . (2.19) 



Recall that Q, rather than JT, plays an important role in the Weyl calculus. 
Coming back to the link between Q and T , as expressed just before (2.8), note 
that when acting on functions, the operator 2“ 2 +^^^ is given by the formula 

^2-i+ix£ e = h (25x, 25^) . (2.20) 



There is no satisfactory way to get rid of the factor \/2 entirely when dealing with 
the Weyl calculus in an arithmetic environment: ultimately, this is due to the fact 
that both the one-dimensional and the two-dimensional Fourier transformations 
play a role here, whereas the characters on the line that give rise to these two 
Fourier transforms are more naturally normalized in a different way (compare T 
and Q in (2.9)). This is why, for short, we shall also use the modified version 
of the Weyl calculus, defined by 

Op^(/i) = Op(2-H-£fe) : (2.21) 

the use of Op^ instead of Op will only serve to make a few formulas nicer, 
especially at the end of Section 16. 

Remark. Some of our readers with a training in arithmetic will undoubtedly feel 
some reservations about the presence of the factor ^/2 in (2.20) and would find 
the change (x,^) i-> (x,2^) or (2x,^) rather than ( 22 ^, 22 ^) preferable. They are 
of course right and, had we pursued the present work in the direction of congru- 
ence subgroups, this would have been our choice: however, when the emphasis is 
on SL{2,1j), the present choice permits one not to have to bother with Hecke’s 
subgroup To (2). 

We now introduce the Poincare upper half-plane II = { 2 ; G C: Im z > 0}, on 
which the group S'L(2, R) acts through fractional-linear transformations: 






az -fh 
cz T d' 



(2.22) 
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On n, the Laplace-Beltrami operator 

commutes with this action: in just the same way, the Euler operator S on 
commutes with the linear action of *S'L(2,R). 

For every z G II, consider the two functions Uz and ul defined on the real 
line by 



u^{t) = 2i ^Im 
u\{t) = 25 7t 3 dm 



exp 




t exp 




(2.24) 



The family {uz)zeu is total in Lg^g^(R), and the family {u\)zeii is total in 
Lq^^(R). For our purposes, the best way to prove this is to use the metaplectic 
representation Met the existence of which has been recalled just around (2.4), and 
to show (this has been done in [62, p. 120-121]) that, if ^ G S'L(2,R) lies above 
G *5'L(2, R) and if 6 > 0, one has the formulas 



Met{g)uz = ± 




Met(5)w^ = ± 




1 

2 



U az-\-h , 
cz-\-d 



3 

2 

n az-\-b , 
cz-\-d 



(2.25) 



in which the important fact is that the coefficients in front of the right-hand sides 
are constants {i.e., depend only on z) of modulus one: this less precise result is 
quite easy to check directly, for one m^ satisfy oneself with doing this only when 
g describes the set of generators of SL(2,R) given right after (2.4). Then, that 
each of the above-mentioned family is total in the appropriate space results from 
the well-known fact that, when restricted to even, or odd, functions in L^(R), 
the metaplectic representation is irreducible. In the odd case (only), one has a 
more precise result, to wit a resolution of the identity^ obtained by polarizing the 
identity 

Iblli^(R) = (Stt)-^ f \{ul\v)fd(,{z). ( 2 . 26 ) 

Proposition 2.1. An operator Op{h), with h G is characterized by the 

pair of functions z (uz\Op{h)uz) and z {ul\Op{h)uD . 

Proof Using (2.24), one sees that the function (z^w) i— > {uyj\Op{h)uz) {resp. 
(ulj\Op{h)ul)) is (Im (— ;^)Im (— ^))^ with S = j {resp. |) times a function 
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holomorphic with respect to w and antiholomorphic with respect to 2 ;. Thus, if 
these two functions of {z, w) vanish on the diagonal of II x II, they vanish on the 
whole of n X n. Since h is even, one may assume that h is either an even-even or 
an odd-odd symbol: in either case, one may conclude, observing that the family 
{uz)zen {resp. {uDzen) is total in <Seven(R) {resp. <Sodd(R)) as well. □ 

As a consequence of (2.2), it is easily found that 

W{uz,Uz){x,e = 2 exp (-J^l^ - (2-27) 



and 



W{u\,u\){x,0=2 



47T 
Im 2 ; 



\x-z£,f-l 



exp - 



27T 
Im 2 ; 






(2.28) 



actually, using (2.6), it is enough to check (2.27) and (2.28) when z — i, which 
simplifies the computation greatly. 

A simple, if somewhat tedious, calculation (again, group-invariance argu- 
ments make it easier) shows that if ^(-^q—f-) is a smooth function k of the 
indicated expression, one has 




k 



\x - 
Im z 



7T^ .k 



Im 2 : 



(2.29) 



where the emphasis is put on the 2 :- variable [resp. the (x, ^)- variables) on the 
left-hand {resp. right-hand) side. This applies in particular to the pair of Wigner 
functions just displayed, yielding for every h G 5'(M^), and p = 0 or 1, the relation 

{uPJOp{n‘^ £^h)uP) = (a - i) {z^ «|Op(/i)<)) (2.30) 



as a consequence of (2.3) and (2.27), (2.28). 

We conclude this section with the definition of automorphic distributions. 

Definition 2.2. Set T = SL{2,Z) C SL{2,R). An automorphic distribution is any 
T-invariant tempered distribution on E^, i.e., any distribution 0 G <S'(E^) with 
the property that 

(6og-l,/i) : = {&,hog) 

= {e,h) (2.31) 

for every h G 5(E^) and every p G T. 

Observe that since the matrix ( every automorphic distri- 
bution is an even distribution, which will make our life somewhat easier: it is only 
in Section 18 that we shall approach more general arithmetic groups and possibly 
odd distributions, but we shall not go far in this direction. 
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Theorem 2.3. An automorphic distribution © is characterized by the pair of func- 
tions z 1 -^ (lif |Op(0)?if) (p = OA) on the upper half-plane: these two functions 
are automorphic. If © is homogeneous of degree —1 — i\, these functions are 
generalized eigenfunctions of A for the eigenvalue . 

Proof. Since an automorphic distribution is even, the first point follows from 
Proposition 2.1. Observe that neither of the extra factors, of modulus 1, that 
appear on the right-hand sides of (2.25), shows any longer in the scalar product 
|Op(©) 7 if), since its two occurrences there cancel out: that such a scalar prod- 
uct is an automorphic function of z is thus a consequence of the covariance formula 
(2.4). It has to be a generalized eigenfunction of A for the eigenvalue if © 

is homogeneous of degree — 1 — zA, as a consequence of (2.30). □ 



3 Eisenstein distributions, Dirac’s comb and 
Bezout’s distribution 

For Ke u < — 1 , h G <S(R^), one can define 

1 

F] / \t\~‘'h{tn,tm)dt, (3.1) 

\m\-\-\n\y0 

a convergent expression. As shown in [62, Proposition 13.1], this defines an even 
tempered distribution homogeneous of degree — 1 — z/, and the function z/ i— > 
extends as a holomorphic function of z/ for z/ 7 ^ ± 1 , with simple poles at z/ = ± 1 ; 
the residues there are given as ReSjy=_i = —1 and ReSjy=i = 6, the unit 
mass at the origin of R^. All that concerns the analytic continuation of the map 
V el was derived in loc.cit. from (3.25) below, an identity obtained by the 
use of Poisson’s formula. Also, We shall also use, here, a different 

normalization, setting 





II 

bO 

1 

Ch 


(3.2) 


since is homogeneous of degree — 1 — z^, this can also be written as 








(3.3) 


in the sense of (2.12). Then, 


1 

II 


(3.4) 


with Q as defined in (2.9). In 


view of ( 2 . 21 ), one has 

Op(S'?,) = Op^(el) . 


(3.5) 



Incidentally, the reader may wonder why we have felt it necessary to use 
both a change of typographical style and the superscript # to denote the lifted-up 
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version of the Eisenstein series Ei^ (cf. Theorem 3.1) or the lifted-up version 

{cf. infra, (4.4)) of a Maass cusp- form Aij. This is so because we need to 
preserve the notation of [62], in which intermediary versions (Bi, and dJlj (which 
we are dispensing with here, but which are likely to recur elsewhere) also played 
a role. 

Remark on notation: to help the reader, let us make the following conventions. 
Fraktur-style capital letters with the superscript fl denote homogeneous automor- 
phic distributions. Non-homogeneous automorphic distributions, like the Dirac and 
Bezout distributions introduced later in this section, are denoted by fraktur-style 
capital letters without such a superscript; fraktur-style lower-case letters shall 
denote non- automorphic distributions, usually the pieces some more interesting 
(automorphic) distributions are made of. Calligraphic-style letters T, Q are re- 
served for versions of the Fourier transformation, M. and M (in the next section) 
for Maass cusp- forms. 

Introduce, whenever Re iz < 1, the distribution such that 

1 

{c\u,h): =- |t| ‘'h(t,0)dt, (3.6) 

^ J — OO 

which is just the term with n — 1, m = 0 from the right-hand side of (3.1). One 
may abbreviate as 

= : (3.7) 

here, of course, 5 denotes the Dirac mass on R. Given g (c d) ^ 5'L(2,R), one 
has (q^y o g~^,h) = (q^^, hog) with 

(^ o 9){0 = + K 2 , cii -h d^2) , (3.8) 

so that 

1 

= - ItC" h{at,ct)dt . (3.9) 

^ J — OO 

As is usual, if |m| + |n| ^ 0, we shall denote as (m, n) the largest common divisor 
of m and n. When m G Z, n G Z, (m, n) = 1, the pair (^ ;) describes the set 
r/r^ where T = SL(2,lf) and T^ = {(J J) : 6 G Z}: our notation T^ is meant 
to emphasize that this is only T (1 N, with N = {{^ \ ) : b E R} while the (twice 
as large) group Too = {Eg, g G T^} is the subgroup of T whose associated 
group of fractional-linear transformations of II (and of Pi{C) = C U {oo}) is the 
stabilizer of the point at infinity. Using also (3.2), one may thus write (setting in 
(3.1) m = rmi, n = rni with r > 1 and (mi, ni) = 1) 

Sl = 2^C{l-0 X (3-10) 



where is the Riemann zeta function. 
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This series is weakly convergent in if Re z/ < — 1. Introduce also 

x, = Gq-. : (3.11) 

then, Re u > —1 and h G 

{tu,h)= [ \t\‘'dt[ dydr] , (3.12) 

J-OO 

from which it follows that Xjy is a function: 

1. (3.13) 

Using (3.10), (3.4) and (3.11), one thus gets when Re u > 1 the expression (a 
weakly convergent series in 

= 2"^ C,{\ + v) (3.14) 

ser/rg„ 

No expansion comparable to (3.10) or (3.14), however, can be given when — 1 < 
Re z/ < 1: in this range of values of z/, it is (3.25) below that has to be used. 

In order to better understand the operator Op(S'J,), we shall apply Proposi- 
tion 2.1. 

Theorem 3.1. For z/ / ±1, one has 

{u,\Ov{:Si)u,) = E\^{z) (3.15) 

2 

and 



(ul IOp(S'E)mI) = -uE\-^{z), (3.16) 

2 



where Ei^{z) is the classical Eisenstein series defined when Re z/ < — 1 as 



and [48, p. 208] 






m,neZ 
(m,n) = l 



mz — np 
Im z 



U~1 

2 



El^(z): =C{l-OEi^{z) 



with 



= iz^yz) 
2 



C(5): =7T-fr(|)c(s) 

= C(l-s). 



(3.17) 



(3.18) 



(3.19) 
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Proof. Using analytic continuation, one may assume that Re < — 1. From (2.3) 
together with (2,27) and (2.28), one has 



I Op(3^“ )u^) 



(x,0 ^ 2 exp(-j^|a; - 



(3.20) 



and 



(ul I Op(S^5,)u^) = , {x, 0^2 

Set, for ^ > 0 and fixed z G II, 

1 

J{e-,X,^) = -J \t\- 



47T 
Im z 






iG I* 

(3.21) 



^ , 2 tts t^ , ^,9 \ , 

. 2 exp — — \x — zf\ ) dt 

im z ' 






2 \ ^ 



Im 2 ; 



(3.22) 



Then, from (3.10) and (3.9), then (3.20) and (3.21), 



|Op((?“)w^) = 2 ' 2 ^( 1 - 12 ) ^ J(l;n,m) 

(m,n) = l 






\mz — np 

2 ^ V Irn z 

(m,n) = l 



2 \ — 



EX^iz) 



(3.23) 



and 



{ul\Op{dl)ul)= (- 2 -f-l) j 2 2 " ,;(1 _ jy) J(£;n,m)j 



-vE\^{z). 



(3.24) 

□ 



We also gave in [62, Proposition 13.1] another expression of the Eisenstein 
distribution namely, for Re z/ < 0, u ^ and h G iS(M^), one has 

/ OO nOO 

|t|“‘'“^(J'r^h)(0,t)dt + C(1 - 0 / h(t,Q)dt 

-OO J —OO 




(3.25) 
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where the partial Fourier transform is defined as 

/ oo 

h{x, t) dx , (3.26) 

-oo 

and, for n > 1 , a^in) = Y2d>i 

d\n 

Only the presence of the first two terms dictated the condition Re z/ < 0 
there, but analytic continuation makes it possible to drop this condition, assuming 
instead z/ / —1, 0, 1, 2, One may write (3.25) as 

eiix, 0 = c(-o + c(i - 0 \^r s(o + E • 

n^O 

(3.27) 

Note that, at z/ = 0, the infinities from the first two terms cancel out since C(0) = 
— ^ and 

= ■■ (3.28) 

this explains why is, indeed, meaningful. 

Consider the following two distributions on 



d = S(x — 1) S(^) 


(3.29) 


and 




b = S(^ - 1) , 


(3.30) 


i.e., the distributions defined, for h G *S(R^), by 




(t),/z) = /z(l,0) 


(3.31) 


and 




roo 

(b,/i)= / h{x,l)^‘^^^^dx. 

J — oo 


(3.32) 



One may observe that D o g~^ = d whenever g G F^, the subgroup of F defined 
right after (3.9), and that the same invariance property holds if one substitutes b 
for d. It thus makes sense, at least formally, to define the distributions 

j)prime_27T ^ d O g~^ (3.33) 

® = ^ E 

ger/ro^ 



and 



(3.34) 
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However, as we shall show in the next section, the first of these two distribu- 
tions is just a slightly modified version of the Dirac comb alluded to above, while 
the second one incorporates all homogeneous automorphic distributions invariant 
under the symplectic Fourier transformation in its decomposition into homoge- 
neous components. Otherwise stated, the first object, as we shall see, yields nothing 
but the Eisenstein series, while the second yields, in a sense, all non-holomorphic 
modular forms. The major task of the present work is to show how canonically 
03 generates not only automorphic distributions but also, in the sense of Weyl’s 
calculus, sharp products of such. 

Set 

'D{x,^) = 27t ^ S(x — n)S(^ — m) (3.35) 

|m| + |n|^0 

(the Dirac comb on with the mass at the origin deleted): then [62, Proposition 
16.1] 

/ CXD 

<£!a (3-36) 

-OO 

in a weak sense in the proof is quite easy. 

Since (d o h) — (d,hog) and, as said just after (3.9), the set of pairs 
( ^ ; ) is a set of representatives of P /F^, one has 

^^prime^^) _27 t ^ h(n,m), (3.37) 

(n,7n) = l 

The distribution just defined is related to the Dirac comb in an easy way. Actually, 
as shown in [loc.cit., (16.57)) 

1 2 

DPrime = — + / (C(l - iA))”! dX , (3.38) 

^ J-oo 

SO that one could write in some sense 

^prime ^ ^ 2^8))-^ D . (3.39) 

As it turns out, the distribution is somewhat more fundamental than S), 

and the definition of the Bezout distribution which follows bears more similarity 
to than to D: we should really have denoted it as have not 

done so, for the sake of simpler notation, as it is by far the more important of the 
two related distributions, the second of which will be made explicit at the very 
end of this section. 

We now turn to the proper definition of the Bezout distribution. 

Definition 3.2. With b defined as in (3.30), set, for every i > 1, 
b' = 2 (^, 2^2 ^ . (^ 2^2 ^ _ ^) 2 ) ^ _ 



(3.40) 
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One then defines, for ^ > 1, the distribution 

= ^ E ( 3 - 41 ) 

ger/Fo^ 

a definition to be justified in the theorem that follows. 

Actually, we are only interested in defining (05^, /i) when h G <?even(I^^); if 
h G Sodd(M-‘^)^ series may not converge (though it does so if h lies in the image 
of <Sodd(I^^) under the operator inS + |), a remark unimportant at this 

point), but it must be treated as zero since one may group the terms o g~^ and 
o {—g)~^ whose sum is an even distribution. 

Theorem 3.3. If £ >1, the series on the right-hand side o/(3.41) is weakly conver- 
gent in i.e., the series = ^J2ger/r^ converges 

for every h G <Seven(i^^)- 



Proof Our problem is to show that the series 

= ^ E (3-42) 

ser/rg„ 



converges whenever h G <Seven(i^^) hos in fact in the image of the operator tt^ 8^. 
Completing the column ( ^ ) to ( m m\ ) , we thus have to examine 

E Ir.^rn(h), (3.43) 

(m,n) = l 

with 

/ oo 

h{nx P ni^mx mi) dx : (3.44) 

-oo 

obviously, In,m depends only on the pair n^m. This expression of 05 (together 
with the condition min — n\m = 1) justifies the name of “Bezout distribution”. 
If \m\ > |n|, so that in particular m ^ 0, we write 



In,m {h) 



-2iTri 



/: 



hlnx 



, mx 



m 



^2inx 



dx , 



(3.45) 



where, as is usual, n is characterized by the condition nn = 1 mod m. In the case 
when |n| > |m|, we use instead of (3.45) the equation 



^{h) 






/: 



nx^ mx H — 
n 



„2i'kx 



dx 



(3.46) 



with mm = 1 mod n this time. Of course, In,m{h) makes sense whether h is even 
or odd. We first need a lemma: 
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(3.47) 

(3.48) 



(3.49) 



Lemma 3.4. Let h € <S(M^). One has for some constant C > 0 the inequality 

\In,m{h)\ < C(m^ +n^)“5 

and, if h is an odd function, 

\In,m{h)\ < C{vnf +n^)"^. 

Proof. We may assume that \m\ > \n\: starting from (3.45), we get 

/ CXD 

(1 + dx 

-OO 

< cm-r 

Since, for t between 0 and one has 

/ OO 

[1 + {nx — dx < C m ~^ , 

-OO 

it is clear that In,m(h) agrees, up to a term less than C with the integral 

/ OO 

h{nx, mx) dx , 

-OO 

which reduces if h is odd to 

/ OO 

(sin 27tx) h{nx, mx) dx 

-OO 

[ (^sin^^^ h(—x,x\ dx , (3.50) 

J-oc V m J \m J 



— 2 iTt ^ 



\m' ^ 



— OO 
— 2 i'K^ 



clearly a 0(m ^) for large m, as seen by splitting the integral into the parts where 
1^1 < 1 and \x\ > \m\. □ 

End of the proof of Theorem 3.3. Again, we consider the case when \m\ > \n\. Let 
f = f(^s, a) be any function in <S(M^). Recalling that h = 2i7rS f = {s-^ 4- cr^ + 
1) /, we have 

m„£f) („x - 1 ,mx) = (* ^ + 1) (/ 



SO that, after an integration by parts, 
In,m{^iTr£ /) = 

/ 



- 2 i 7 T-^ 



1 \ ^ df f 1 

—2i7T X f [ nx , mx \nx , mx 

' m J m ds \ m 



dx , 
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or 



In,m {2in£f) - ^ In,m (U + ^ ) / 



(3.51) 



finally leading to 



47T^ 



1 d 



2m 



1 d 



/n,m( 47T £: /)- m 2mds)^)^ 

(3.52) 

where the last term arises from the commutation formulas [2i7rf,cr] = a and 

\^mS, ■§;] — —-§^‘ 

It is then immediate from Lemma 3.4 that if / G Seven(^‘^)i one has 
|^.m(-47T^^^/)| < C {m^ + n.yi , 

from which Theorem 3.3 follows. □ 



Recall that the version Opy^ of the Weyl calculus was defined in (2.21). 
We now analyze the action of the operator with the Bezout distribution as its 
Opy 2 "Symbol on the families of functions defined in (2.24). 

Theorem 3.5. For every i > 1, one has 



{Uz\ Opy2(®0 = (47 t)^ ^( 2 +^) 



rQ) 



E 



V mi m2 y ^ o 



miz + nip 



i-\- A 



exp 2m 



m2Z - U2 
—miz + ni 



(3.53) 



and 

(«1|Op^(*B')m1) = 0. (3.54) 

Proof. Of necessity, (n^| Op^(b) ul) = 0. For it is immediate that the distribution 
b is invariant under the symplectic Fourier transformation T defined in (2.7), thus 
its image under is invariant under as a consequence (c/. remark after 

(2.9)), Op(2“i+*'^^ b) vanishes on odd functions. 

We now compute the interesting part. With z = x + iy (we then use ( 5 , a) 
rather than (x,^) or (y,ry) on R^), one has 

{u,\ Opy 2 (b) u,) = ( b, 2-5--^ W(u,, u,)) 

TtIs — ^crp 



b, ( 5 , a) exp 



y 



(3.55) 
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thus 



(wzlOp^(b)w^) = e 






y2 . 



(3.56) 



Then, as a consequence of the metaplectic covariance of the Weyl calculus together 
with (2.25) 



(«z| OP\/2(^ °9 ^)Uz)= (Wg-I.zl Op^(b) Wg-I.z) 



y 



■ m\z -h niP 



exp 2i7T 



m2Z - U2 
—miz + ui 



(3.57) 



if 3 = (mU^jGr. 

Next, since 8 commutes with the action of T, one has 

TT^£^ (7r2f2 + l) ... (7 t2 + 1 ) 2 ) (b 05 -I) = 00 - 1 ). 

Also, as a consequence of (2.30), together with (2.4) and (2.25), 

{uz\Op^{b^ o g~^)u;z) 

^ i) 0 ■ ■ ■ (^ “ 5 ^ OPv^(^) '^g-^.z)) ■ 

(3.58) 

We note by induction that 

(a - (a + 0 ■ ■ .(a - i + (^ - 1 )^) (t/5 = (4;r)' . 

(3.59) 



The theorem follows, and one should recall at this point that the series on 
the right-hand side of (3.53) is a special case of a class of automorphic functions 
introduced by Selberg [43] (following the use of Poincare’s series in the holomorphic 
case), and used by many authors in the field ([15, 20] or [62, Section 20]). 

A still special case is given by the family of functions (depending on G C 
with Re z/ < —1 and on an integer N) 



Un 






l-v 

2 



1 

2 



ni 

mi 



E 



y 

I —miz-{-ni\^ 



1- 

2 



exp2i7TjV . 

— miz-hni 



(3.60) 
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With this notation, the first statement of the theorem reduces to 

iu,\Op^(^^)u,) = (47t)^ Ui 0 ■ (3.61) 

□ 

In the next section, we shall make the decomposition of the Bezout distri- 
bution into homogeneous components explicit, at the same time proving that not 
only with ^ > 1, but also ^ itself makes sense as a tempered distribution. 

Remark. One can also define In,m under the sole assumption that \m\ -h |n| ^ 0 
instead of {m^n) = 1, setting 

/ oo 

h{nx -h rii (m, n)^mx -h mi (m, n)) dx , (3.62) 



where the matrix (m ) has determinant (m^n). The automorphic distribution 
C(1 + 2i7rS) 05, which bears the same relation to 05 as the relation of S to 
(c/. (3.39)), is just 

C(l + 2i7r£:)Q3 = i ^ . (3.63) 

|m| + |n|7^0 

4 The structure of automorphic distributions 

We now need to refresh the reader’s memory on Maass cusp-forms and the Roelcke- 
Selberg expansion - or, as the case may be, deliver him a crash course on the 
subject. On these classical matters, concerning the spectral theory of the modular 
Laplacian, several books are available, in particular [48, 25]. To begin with, recall 
that n is endowed with an 5L(2, R)-invariant Riemannian structure, for which 
the so-called “hyperbolic distance” is characterized by cosh. d{i,x-\-iy) = 2 y ’ 
together with its 6'L(2, R)-invariance property. The associated invariant measure 
is dy{x + iy) = y~‘^dxdy. 

There are infinitely many possible fundamental domains for the action of T 
on II: the most usual one consists of all points z E D with 4< Re z < ^ and 
|zp > 1. The space L^(T\n) is the Hilbert space of automorphic {i.e., T-invariant) 
functions on H which are square-summable when restricted to any fundamental 
domain. In this space, the Laplacian A has a canonical self-adjoint realization, 
the spectral resolution of which has both a continuous and a discrete, countable, 
spectrum. Eisenstein series E i-iA , A G R (c/. (3.17)) serve as a (redundant, since 
E i±ix are linearly dependent) family of generalized eigenfunctions, corresponding 

to the continuous part [|, oo[ of the spectrum. Genuine eigenfunctions of A, i.e., 
the ones in L^(r\H), belong to a Hilbert space which has an orthonormal basis 
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temporarily denoted as where the normalized constant cor- 

responds to the eigenvalue 0, and M.j corresponds to the eigenvalue ^ ^ : the 
non-constant ones are called cusp- for ms, and we shall always assume that Xj > 0 
and that the sequence {Xj) is non-decreasing. It is known, by an application of 
Selberg’s trace formula, that Xj goes to infinity as j ^ oo in such a way that 

^ ~ 12jf ([48, p. 290] or [25, p. 174]). The Roelcke-Selberg theorem is the asser- 
tion that any / G L^(r\II) can be uniquely written as 



/ 



j>i 




(4.1) 



where are constants with P ^ ^ T^(E) satisfies the 

symmetry property 



^(A) _ ^-X) 
C*(iA) C*{~iX) ’ 



(4.2) 



with C* defined in (3.19). 

A cusp-form Aij associated with the eigenvalue admits a Fourier series 
expansion (with respect to Re 2 ;) given as 



Mj{xTiy) = y^ ^ 5^ iT^(27r |n|^) (4.3) 

n^O ^ 



for some coefficients depending on Mj. This is a simple consequence of the 
method of separation of variables: observe that if a function of y alone is an 
eigenfunction of A for the eigenvalue it has to be a linear combination of 

and y^ . Such a term is indeed present in the expansion (4.5) below of 
Eisenstein series but absent from the expansion (4.3) of cusp- forms, precisely so 
as to ensure that cusp-forms are square-integrable in the fundamental domain. 

We now lift Mj to an automorphic distribution on M?. There is one subtle, 
but essential, point in this lifting, to wit: corresponding to one cusp-form, there 
are two distinct automorphic distributions. We shall assume that our sequence 
(Aj, M-j) (note that in our present notation eigenvalues are to be repeated ac- 
cording to their multiplicity, though it is not known whether multiple eigenvalues 
do exist) has been parametrized by the set {j: j > 1}, and let us repeat that 
for each j the number Xj has been chosen > 0 (only its square is known from 
the eigenvalue of A, or from the right-hand side of (4.3)). Then we define the 
distribution dJl'j on through the equation 




where the partial Fourier transform has been defined in (3.26). It has been 

proved in [62, Proposition 13.1] that is an even tempered distribution, ho- 
mogeneous of degree —1 — iXj. We also define by the same formula, after 
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Xj has been replaced by — A^: equation (4.4) is then valid for all j G if one 
defines X-j : = —Xj. One may wish to call either of the two distributions a 
“cusp-distribution” . 

Eisenstein series, too, have classical Fourier series expansions, given by 

{x + iy) = C* (1 - 2/^ + C*(l + 

2 

+ 2yi ^|nr«a,(|n|)i^|(27rHy)e2-"-. (4.5) 

n^O 



Observe again that the presence of the first two terms distinguishes Eisenstein 
series from cusp-forms, as seen from the expansion (4.3). Comparing (4.3) and 
(4.4) on one hand, (4.5) and (3.25) on the other, one sees that the way Aij has 
been lifted to • is quite similar to the way the Eisenstein series has 

been lifted to the pair of automorphic distributions even though the latter 

ones had an alternative definition (3.1) (not a direct one, though, as it relied on 
analytic continuation) . 

The following is a quotation from [62, Theorem 13.2 and Proposition 13.4], 
though we have changed the normalizations slightly so as to take the use of the 
quantization rule Opy 2 account. It is not going to be used in this book, but 
our readers with a previous interest in the Lax-Phillips scattering theory for the 
automorphic wave equation [30] may find the right-hand side of (4.8) quite natural. 

Theorem 4.1. The map © i-^ A = Op^(©) establishes an isometry from the space 
of tempered distributions © on admitting decompositions 



with 



6 = co + c'^+-/ + 

d-oo 

o -| roo 

llieill^ =y(hl^ + K|2) + — y ^|4'(A)nc*(a)prfA 

+ 2 ^ |cjp < oc 



(4.6) 



(4.7) 



onto a linear space of operators A: <S(R) «S'(M) commuting with all operators 

Met(^), g eT, and satisfying 



2 . 
r • 



^ ^ {u^\Au^) ||i2(r\n) 

_ i 



< oc . 



L2(r\n) 



(4.8) 
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Let us remark that the spaces of distributions or operators just introduced 
are not complete. This is so because we have decided, for simplicity, to consider 
only tempered distributions as symbols: a further extension would be necessary so 
as to get true Hilbert spaces. The absolute value around A — | in (4.8) is needed 
solely because of the eigenvalue 0. 

Up to now, eigenvalues — have been repeated according to their multi- 
plicity, and the cusp-forms M.j corresponding to the same eigenvalue have been 
chosen in an arbitrary way, with the sole condition that, together, they should 
make an orthonormal basis of the given eigenspace. More precision is now needed 
concerning the choice of the cusp- forms Aij. First, we need to distinguish even 
cusp-forms Ad, invariant under the map Ad i— > Ad with Ad(z) = Ad(— ^), from 
odd cusp- forms, which change to their negatives under this transformation; even 
{resp. odd) eigenvalues are those for which there exists at least one even {resp. odd) 
eigenfunction. It is suitable to our needs to denote from now on as (A^)fe>i the 

increasing sequence of positive numbers such that — 4^ is an even eigenvalue 
of A: a similar convention holds for the sequence of odd eigenvalues; we 

still set — —A^. Since possibly multiple eigenvalues (it is not known whether 
any such can exist, in the case of the full modular group T) are not repeated 
any more, we need to define for each /c, in a specific way, an orthonormal basis 
(^k,e)i<£<n- ovcn, or odd, cusp-forms corresponding to the 
given eigenvalue. This is made possible by Hecke’s theory. 

For every A > 1, the Hecke operator T/v is the linear operator on automor- 
phic functions defined as 

= /(^)- («) 

ad=N,d>0 A / 

b mod d 

All relevant information concerning the T/v’s can be found in [48, p. 241]; also 
recall for future use {loc.cit., p. 238) that 

Mm{z) = (J r (j ^) , (4.10) 

ad=N4>0 A / 

b mod d 

where Mn{Z) denotes the set of matrices with integer coefficients and determi- 
nant N. Then, for each eigenvalue — ^ , one can select an orthonormal basis 
i^k £)i<i<n^ corresponding eigenspace, in such a way that each ^ 

should be a Maass-Hecke eigenform: this means that, besides being an eigenfunc- 
tion of A, it should also be an eigenfunction of the Hecke operator Tn for each N. 

Hecke’s theory shows that if A4 is a Maass-Hecke form, then b±i ^ 0 and 
Tn M. = ^ -Ad === Ad. It is customary, when dealing with Hecke’s theory, 
to consider Maass-Hecke eigenforms Af normalized by the condition that b\ = 1 
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1 I /^± 'i 2 

(so that Tn J\f = bN J\f ior all N > 1). Given an even eigenvalue — , with 
k > 1, we shall denote as a basis of the corresponding (even or 

odd) eigenspace, consisting of Maass-Hecke forms normalized by the above-stated 
condition, to wit that the coefficient bi from the expansion (4.3) of should 
be 1: then, for any given A^, the functions are uniquely defined up to a 

permutation. 

We now lift to an automorphic distribution on . The recipe has been 
provided in (4.4) and remains the same: only the coefficients bn have to be taken 
from the Fourier series expansion (4.3) of AA^^. In this way, we end up with two 
well-defined distributions (^^^)^ and ^)^ (the one with the subscript A: > 1 

corresponds to the positive choice of a square root of (A^)^), homogeneous of 
degrees —1 — iXk and —1 — iX-k = — 1 + iXk respectively. 

The following result should be compared to Theorem 3.1. 

Theorem 4.2. For every k , and ^ — 1, . . . , one has 

= (4.11) 

where T is the symplectic Fourier transformation. Also, for every z eD, 

(«, I Op^((91±,)») u,) = (4.12) 



and 



{u\ I Op^((01^_^)'') ul) = -iX^ , (4.13) 

where kas been defined in (2.21). 

Proof It is just the same proof for even or odd cusp- forms: we shall thus drop the 
sign ±. For p = 0 or 1, one has, using the Wigner function (2.27) or (2.28), 



«|Op^(9lt,)<) = 2-4--^ , (4.14) 

with 

2-4--^W^«,0(s,a) = (^-2^ - 1^ 

Now, with 

h{s, a) = exp ( -\s — za\^ 




TTS , 

exp I \s — zai 

.=1 V y 



(4.15) 



(4.16) 
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one has 



(jr-l/i) = (I)" ^2^^nx^-7reyt\- 



(4.17) 



and 



-I-'' 



e=l 



(Tph) Q,t) =yi (^27ry (t^ - . 



(4.18) 



Thus, with the coefficients bn taken from (4.3), 



K I <) = J E 2/" 




Now, as a consequence of [31, p. 85], 



/: 



|^|-iAfc-i g-^ry(t"+^) ^1^2 |nr^ K ^2^{2^T\n\y) , 



(4.20) 



which yields the result if p = 0. If p = 1, we write 



j (2iTy 

2 \n\ ^ {2n\n\y)[Ki^_^{2Tr\n\y) - K,^^^{27r\n\y)] 

= 2{-iXk)\n\-'-^ Ki^{27T\n\y), (4.21) 

2 

according to [31, p. 67]. This proves the two formulas (4.12) and (4.13). 

To show that ^ what amounts to the same, that 

it suffices, according to Proposition 2.1, to show that 

« I Op(g (2-H-^ 01«,,)) <) = K I Op(2-4+-£ m\,) <) (4.22) 

for all z G n and p = 0, 1. Now, from the remark which follows (2.9), the left-hand 
side is just (—1)^ {u^ \ Op(2“^+^^^ 91^ ^) lif), so that what is needed in order to 
complete the proof of Theorem 4.2 is to remark that 

i-ir « 1 Opv2(01« ,,) <) = K I Op^(0ll,_,) <) , (4.23) 

a consequence of (4.12) and (4.13) since X-k = —^k- D 
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We now give the decomposition of the Bezout distribution into its homoge- 
neous components. We should insist on the fact that, in the subscript k can 
be any non-zero integer, while in A4,£, it has to be >1. 

Theorem 4.3. For i>l, the Bezout distribution 03^ admits the weakly convergent 
decomposition, in , 



03^ 



1 r 

47t 



r(£-f)r(£ + f) ^„ 

C*{iX) 






r(£- %)r(£+ 






+ i: 









\k\,C 



I 1 V r(g-^)r(g + ^) , 

' 9 Z-/ \\ \r- 112 \^^k,i) ’ 



k,£ 

kez^ 



iiy 



(4.24) 



|fe|. 



where the norms are to he taken in the space L^(r\II). 



Proof. We shall first show that the right-hand side of (4.24) is weakly convergent 
for every ^ > 0, then apply Proposition 2.1 to show that, if ^ > 1, its sum coincides 
with 03^. Incidentally, note that this will also give a meaning as an element of 
5'ven(®^^) to 03 = 03^ itself: remark that 



C*(a)C*(-iA) ^C(^A)C(-iA) 



(4.25) 



has no singularity on the real line and that, around (3.28), we emphasized that 
is meaningful. 

First, consider the integral term on the right-hand side of (4.24), and make 
explicit with the help of (3.25). Using Pochhammer’s symbols {a)i = = 

a{a -hi) • • • (a -f ^ — 1) and the definition (3.19) of the function ("*, we have to 
show, whenever h G <S(R^), the convergence of the following three integrals: 



/ cx ) ( i\\ / iA \ noo 

-A r- f —dx / \tr^~-Hr,-^h){o,t)dt, 

-oo ^ J — oo 

-oo C(^A)^( 2’A) J — oo 

“ £ <Sc(-£) " 5 ‘ 

It is known [49, p. 161,149] that \({1 ± iA)|^^ < C log |A| as |A| oo so 
that, using the functional equation (3.19) of the zeta function and the estimate [31, 
p. 13] of the Gamma function on vertical lines, the same (even better, actually) 
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inequality holds for (C(±iA)) Pochhammer’s symbols are taken care of, for 
large |A|, by means of 

|^|-iA+r-l ^ I ^signt)^~^) , (4.27) 



(signt)^ 



with £ = 0 or 1, so that, saving an extra factor at the end, and using an 

integration by parts, we are done for I\ and l 2 - 

So far as /s goes, we start with the same integration by parts so as to com- 
pensate the Pochhammer’s symbols, still saving an extra factor next use the 

trivial inequality |criA(|n|)| < 1 + and write (r = 0, 1, . . . ) 






i^r ^ 



l + r 4- 



< Cn |nr (1 + |nl)"^ ^ (1 + (1 + dt (4.28) 



to conclude. 

In view of (4.4), consider the term 



coming from the application of the right-hand side of (4.24) to h: note that we 
have dropped the superscript zb since what follows applies just as well to the 
sum of automorphic distributions which corresponds to even, or odd, Maass-Hecke 
eigenforms. The study of this term goes along the same lines as that of /s, except 
for the following: first, the dA-integration is replaced by a summation with respect 
to k^i; next, the coefficients bn from the Fourier series expansion of Af\k\/ are 
unknown, and so is \\J^\k\,iW~^ • As indicated in [48, p. 220], \bn\ is uniformly 
majorized by some fixed power of |n| (the exponent ^ -b^ would do), and we have 
seen from the study of Is how to take care of powers of n. Next, very temporarily 
reverting to the notation (Aj, J\fj) instead of (A^;, A4/) so as to indicate that 
eigenvalues should be repeated according to their multiplicity, one has, as recalled 
just before (4.1), Xj ^ (48 j) 2 as j 00 , so that powers of Xj (coming, say, from 
Pochhammer’s symbols) in our series can be taken care of in exactly the same way 
powers of A were compensated in the study of Is. Finally, as a consequence of a 
result of R.A. Smith [46], quoted in [48, p. 247], one has for large |A:| 

liyfei,,l|-i <c r(^) , (4.30) 

which ends the proof that the series on the right-hand side of (4.24) is convergent. 
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To finish the proof of Theorem 4.3, we only have to show, with p = 0 or 
1, that for all z E U, (u'^ | agrees with the analogous scalar prod- 

uct, obtained after substituting for 03^ the right-hand side of (4.24). Recall from 
Theorem 3.1, and (3.5), that 



« I OPx/2(^!a) O = « I Op(S'za) O 

= {~iX)P El^{z) . 
2 

From (4.12), (4.13), 

Finally, using Theorem 3.5, what we have to show is that 



1 

+ \ E {-'Kf 



F(£- f )F(£ + f ) 
C(iA) C(-*A) 



E\^{z)dX 



k,e 

kez^ 



F(£- ^)F(£+ ^) 






^ 2 ^ (. 11 ^^- 112 



fc,£ 






(4.31) 



(4.32) 



(4.33) 



is zero for p = 1, and agrees with (47 t)^ ? • Ui{z^i -h i) , as defined in (3.61), 

for p = 0. 

The first point comes from the fact that, except for the factor — iA, — iA^ 
or — iA^, all that remains under the integral or the series in each term on the 
right-hand side of (4.33) is an even function of A, A^ or A^. The interesting part 
was proved by Selberg [43] and, rephrased as 



(z,£+i 



= (47t) 



-£ r(|) 



ne + h ) 



X 2 



F(£- f )F(£ + f ) 

C(1 + *A) 



(4.34) 



together with 

(*/ 2)) =<<'>■' tItI) 

can also be found in [15, p. 246] or [20, p. 247]. 




r 




(4.35) 

□ 



It is natural to ask whether one could give the (integral) first term on the 
right-hand side of (4.24) a closed form, say when £ = 0. 
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Proposition 4.4. Set^ for t eM., 



(j){t) — — 1 — 2m M5b(r) . 

r>l ^ ^ 



where Mob(r) is the arithmetic function (usually denoted as p{r)) which vanishes 
if r is not square free, and is —1 to the number of prime factors of r otherwise. 
Set 

, h) = - ^ / (j){t)h(tn,tm) dt, /z G 5(R^) , (4.37) 

a formula to he compared to the initial definition (3.1) of Eisenstein distributions. 
Finally, set 

1 f^ 1 

which is (using (4.25)) the continuous term in the spectral decomposition of 03. 
Then 

»cont = 6 + ^ ^ Res^=,,[CM(C(-v))-'<£y. (4.39) 

C*(p)=o 

Proof. Before we start it, note that the presence of the extra terms on the right- 
hand side of (4.39), associated to the non-trivial zeros of the zeta function, implies 
of course that 6, contrary to 03cont, hes outside the Hilbert space of automorphic 
distributions introduced in Theorem 4.1. 

Note that 



r — I — 2m - < (7 min (t^, hi), tE 
r 



so that, for every a with 1 < a < 2, 



\<f){t)\ < (71X1111(^2,1^1“). 



Given any h G «S(M^), one has 



pia-{-oo 

{&, h) = / (6 , /i_^) dn 

J 20 — 00 



h^^{x,i) = — / s h{sx,s^)ds , 
Jo 



pOO pOO 

(6 , h-n) = — / (f){t) dt / 5“*^ h{stn, stm) ds . 

^ . J-OO Jo 



(m,n)=l 
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If 1 < a = Im p <2, one may write 



( 6 , 






s ^{fi) h{sn^ sm) ds 



{m,n) = l ' 



(4.45) 



with 



/ OO 
-OO 



' — OO 
nOO 



/ OO 

\tr~utj2 

r>l 



-OO 

pOO 



g227T^ _ I _ 2iji - \ Mob(r) 



1 — 2i7rt) Mob(r) 



/ OO 

\tr~utj2{e^^ 

r>l 

/ - 1 - 2^1) dt 

C(~W J-oo 

1 r(i/i) , 7T^ TT/r, 

^ ^ (e“^ -t-e~ ) 



C(-2» (27r)»^ 



JXIL 

r(i^) 



C{~¥) - V 2 

C(1 - ih) 

C(ip)C{-ip) 



(4.46) 



(we have used the duplication formula for the Gamma function [31, p. 3] together 
with the functional equation (3.19) of the zeta function and the well-known ex- 
pansion as a Dirichlet series of ^). 

Using the identity (a consequence of (3.1)) 



= C(1 -^m) Y1 J s ^^h{sn,sm)ds, 



we get, from (4.45), 



(6 , h_^) 



1 1 
47T C(^/^)C(-^/^) 




(4.47) 



(4.48) 



the theorem then follows from (4.41) and a contour deformation; note that the 
simple pole of at jj. = i {cf. discussion between (3.1) and (3.2)) is killed by 
that of □ 



The distributions Q3cont and 6 are closely related to a “comb”, i.e., a T- 
invariant measure supported in Z^\{0}. 
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Proposition 4.5. Set 

i {n^m)M6h{{n^m)) 6{x — n) S{^ — m) . (4.49) 

|n| + |m|/0 

The decomposition of the distribution 93 into homogeneous components is 

r ^ dx 

T. I^eSp=ip[(C(l- (4-50) 
C*(p)=o 

Proof From the analogue of (4.44), one gets, if Im /i > 1 and h G <S(R^), 

1 f^ 

{D\,h-n) = — (n, m) Mob( (n, m) ) / h{ns^ms) ds 

|nl + |ml/0 

1 

= £E E rMob(r) / s h{rns^rms) ds 

r>l (n,m) = l ^ 

1 f^ 

= —{(,{— ip))~^ / s~'^^ h{ns,ms) ds 

(n,m) = l ^ 

= ^(C(-V))“^ E h-^(n,m) 

(n,m) = l 

= ^(C(~'^M)) (^prime 5 

= ^(C(-V) C(1 - V))"^ (2A , /i-m) • (4-51) 

Using (4.42), then the fact [62, (16.6)] that (79, h-^) = (proved in 

just the same way), one gets, if a > 1, 

-1 /*ia+oo 

(fH,/i) = — / (C(-v)C(l - /i) ci/i, (4.52) 

Jia—oo ' ' 

which leads to (4.50) after a contour deformation. □ 



Remark. In some sense, one may thus write 



C(l + 2i7Tg) ^_^l+2»x£ r(-iTrg) 



C( — 2i7T^) 



r(| 4 - ^ttS) 



(4.53) 
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5 The madn formula: a heuristic approach 

With considerable precautions, one can give a meaning to the sharp product of two 
Eisenstein distributions and The “main formula” (5.38) or (5.62) referred 
to in the title above expresses the distribution image of the Bezout 

distribution 03 under a simple operator, quite interesting from an arithmetic point 
of view: the Bezout distribution has been built precisely towards this purpose. 

We shall not prove the main formula in this section, only give a heuristic 
approach to it, with the following aims in mind: first, to introduce, at this early 
stage, the ingredients of the operator connecting to 03; next, to give a 

rough explanation of why the main formula should be expected, at the same time 
pointing towards the main tools as well as the main difficulties of the complete 
proof, which will be given in Sections 13 to 15. The formal arguments given here 
probably provide a better feeling about the role played by the “Dirichlet-Hecke” 
series £( 5 ) (5.22) in (5.44) than the rigorous arguments to be developed later. 

First, we transfer the usual Hecke operators Tn to our distribution setting. 

Definition 5.1. Let <S'^^’^(M^) be the subspace of <S'(R^) consisting of distributions 
invariant under the linear action of the matrix (J 1)5 under the transforma- 
tion (x,^) i-> (x + ^,0- course, it contains the space of T-invariant tempered 
distributions. 

Given 6 G <S'^®’^(R^) and an integer N > 1, we define the distribution 
jTdist0 through 

P.i) 

h mod d 

In particular, if 0 coincides with a function h\^ one has 

^ (5.2) 

ad=AT,d >0 ^ VNJ 

b mod d 

One also defines 

(T^f 6, h) : = (6, (x, 0 ^ K-x, 0) : (5.3) 

that & is automorphic if 6 is, is a consequence of the fact that the matrix 

(-10) normalizes T in GL(2, R). One may also note that T^f 
a consequence of ( ) ( o d ) ~ ( o ) ( V i ) ’ would be quite natural 

to set = T-dist^^dist AT > 1. 

Remark. Recall that the involution 0 i-^ ^6 admits a companion interpretation 
on the operator level since, as reported after (2.8), one has Op(0)fx = Op{Q&)u 
if 0 e .S'(R2) and G S{R). 
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The involution also has such an interpretation, to wit 

(Op(T^f 6) u)~= Op(6)* u (5.4) 

if u{x) = u{—x) and Op(0)* is the formal adjoint of Op(©). 

One can easily prove in a direct way that, for A/" > 1, 0 is automorphic 

if 0 is. However, one may dispense with the proof since it is a consequence of 
Proposition 2.1 and of the next proposition. Also, it is immediate that the Hecke 
operator commutes with E. Finally, commutes with the symplectic 

Fourier transformation if > 1 [62, Proposition 16.11], for general N when 
acting on even distributions only (in particular automorphic distributions). 

Proposition 5.2. For p = 0 or 1, and z e U, one has for every 0 G 
and > 1 the relation 



« I OPV 2 (^^‘"‘ ®) O =Tn{z^ « I 0p^(6) ul) ) , (5.5) 

where the operator T/v is defined by (4.9) on all functions f on U invariant under 
the translation z z + 1; in particular, on automorphic functions, T/v is the 
usual Hecke operator. Also, 



« I Op^(Tdf 6) <) = («"_, I Op^(6) u ^) . 
Proof Starting in just the same way as in (4.14), (4.15), we get 
«|0p^(T^-‘6)<) 



(5.6) 



d 
d 



d 



£=1 



T^'®^ 0 , {s, a) exp 



7TS 



Is — za\‘ 



N~2 



e=l 



2 , (s,a) exp \ds — ba — aza 



ad—N, d>0 
b mod d 



£=1 



N 2 \ ® ’ (<^5 <^) ^ 



ad=N, d>0 
b mod d 



|s- 



N~2 



^ T |QP'/9(6)mL+6) ■ 



ad=N^ d>0 
b mod d 

The second part is immediate. 
Note that 



(5.7) 



□ 



ydist e , /i) = {e , {^,0 ^ Kdx - 6C, aO) ■ 

ad=N, d>0 
b mod d 



(5.8) 
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It has been observed in [62, Section 16] that Dirichlet series in the argument 
2i7r6, as well as the modified operator N~'^^ ^ act within the space of au- 

tomorphic distributions supported in Z^\{0}. One can prove something entirely 
analogous with the Bezout distribution substituted for the distribution 
z.e., substituting combs of lines for combs of points. However, we shall satisfy 
ourselves with the following (needed) result. 

Proposition 5.3. Given n^m with (n,m) = 1 and an integer N > 1, define the 
tempered distribution as 

/ oo 

h{nx -h ni,mx -h mi) dx , (5.9) 

-oo 

where (m ) ^ T. Then 

Y, In,m, ( 5 . 10 ) 

{n,m) = l 

where both sides are considered as continuous linear forms on the image of <S(R^) 
under the operator tC £‘^ . 



Proof. Let uj denote a complete set of matrices ( q ^ ) with integer coefficients and 
a > 1 , ad — N, b mod d, and let Co denote a complete set of matrices ( q ) under 
the same conditions: the map g det{g).g~^ preserves Mjv(Z) (c/. (4.10)) and 
sends a set a; to a set C. Thus 



(5.11) 

Let be a complete set of representatives of L/L^. Then 

M;v(Z)= (5.12) 

7Gcu 7GcI’ 

geA geA 

Now 7 = since both sets coincide with {(orf):«>l, ad = 

N}. Thus 

M^(Z)=lj57r^ (5.13) 

7GW 

geA 

too. 

One then has, for every h G <S(M^), 



/ oo 

h{dx~b,a), 

aa=i\,a^v 
b mod d 

/ oo 
- oo 



dx 



ad=N, d>0 
b mod d 



h{dx, a) dx . 



(5.14) 
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Since ^ 



b mod d 






thus 



/ 



0 unless d = 1 , this reduces to 

X) 

h{x, N) dx 

OO 

J h) (^,l) e'^^^^dx 

/ OO 
-OO 



J.dist ^ ^ J^2i^£ 

= <Ar’-2-"/^^o,h). 



(5.15) 



(5.16) 



Letting F/F^ act and summing, we are done, in view of (3.41): the proof of 
Theorem 3.3 indeed justifies the convergence of both sides in the case when h lies 
in the image of <S(M^) by the operator tt^ . 

Incidentally, recall that (4.24) from Theorem 4.3, in which the right-hand side 
is still meaningful when £ = 0, allowed us to give a meaning to 03 as a tempered 
distribution; the same could be done here with the right-hand side of (5.10), which 
would thus become an identity in ^ 



The action of the Hecke operators on Eisenstein distributions or on 
cusp-distributions (04^^)^ is easy to describe too. The first one has been given in 
[62, (16.88)]: for every > 1, 

= N~^ a^{N)€i. (5.17) 

Proposition 5.4. One has, for every N > 1, 

(^m)“ = . (5-18) 

where hjsj is the N-th coeffieient from the Fourier expansion (4.3) of the cusp-form 

K\,r 

Proof According to Theorem 4.2 and Proposition 5.2, one has if z G II and p == 0 
or 1 



(u? I Op^(T^-‘ (9l±d") O = 

= {-iXkrbNAf^%/z) 

= bN « I Opy2(^t£)“) O , (5.19) 



SO that the proposition follows from Proposition 2.1. 



□ 
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Proposition 5.5. 

T^dist rptl _ 

—1 ^ 1 / ^ 1 / 

and 

Proof. This is a consequence of (5.6). 



(5.20) 

(5.21) 
□ 



As observed in [62, (16.83)], one can handle all Hecke operators simultane- 
ously through the consideration of the one-parameter family of operators 

£(s): = 

N>1 

= {1 - (5.22) 

p prime 

For Re u < —1 and Re 5 > 1 — one then has 

T(s)el=C(s-0 c(s+0 4, (5-23) 

and, for any cusp-distribution one has for Re s large enough 



£(s)(01±,)# = L(s,yf|^,)(01±,)«, 



(5.24) 



where the L-function L(s, A4^) associated to a cusp-form admitting the Fourier 
series expansion on the right-hand side of (4.3) is defined, as is usual, by the 
Dirichlet series 

L(s,M±)-y^h„n-^ : (5.25) 

n>l 



i+(V)" 



this is a consequence of (5.17) and (5.18). 

Recall that if Ai'j' is an even cusp-form, associated to the eigenvalue 
L*(s,A4p extends as an entire function of s satisfying the functional equation [8, 
p. 107] 

if one defines 



L*(s,Mp = L*(l-s,Mp 



s iA+ 
2 ' 4 



L*(s,M+)= 7 r-^r - + -Y r -y]L(s,Mt): 



s iXt 
2 4 



(5.26) 

(5.27) 



if A4J is an odd cusp-form, associated to the eigenvalue — ^ — , one should set 
instead 



L*(s,M-) = 7r-*r( ^ + ^ I r 



' - 1 - 1 iK 



L(s,M~), (5.28) 
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getting in this case the functional equation 



L%s,Mj) = -L*(l - s,M -) . (5.29) 

Just in the same way as changing L(s,A4^) to L*(s,A4^) made the usual 
functional equation possible, a modified version £^(s) of the Dirichlet-Hecke op- 
erator jC(s) will be invariant under the symmetry 51 -^ 1 — s. 



Definition 5.6. An (even) distribution 6 G shall be said to be of even 

(resp. odd) type if it is invariant (resp. changes to its negative) under the operator 
ydist introduced in (5.2). 

From Proposition 5.5, it follows that Eisenstein distributions are of even type, 
and that a cusp-distribution (94^^)^ (resp. (^^ ^)^) is of even (resp. odd) type. 

Definition 5.7. With £(s) = Xliv>i one defines 



p / S + ZTT S 
^ \ 2 



p / S+l + ^TT £ 

^ V 2 y 



C'(s) — 7T2 ^ ^ ^ l-s-iTvS ^ ^even(s) + 7T2 ^ ^ ^ 2 -s-ine ^ ^odd(s) (5.30) 

where Teven(^) (resp. £odd(^)) is the linear operator on automorphic distributions 
which coincides with £(s) on (even) distributions of the even (resp. odd) type and 
vanishes on distributions of the odd (resp. even) type. 

In this definition, we are postponing all questions of convergence, or rather 
of analytic continuation. Assuming that this has been done, observe that 

>C'(s) =£'(l-5)r5f , (5.31) 

z.e., £^(s) — db£'(l— s) according to type, a consequence of (5.23) and (5.24), (5.26) 
and (5.29). 

Consider two Eisenstein distributions and From (3.14) and (3.13) 
it follows that, if Re i/ > 1, 



^1=2 "2 7T- 



r(-f) 



mx -h n^\ 



\n\-\-\m\^0 



thus, if Re 1/1 > 1 and Re z /2 > I 5 one may expect the formula 






-i/i— 1^2 — 1 



r(-^)r(-f) 

mix + #1 - m2X + 



|ni| + |mi|^0 

in2i + im2i7^0 
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First, we split this sum as 



nU = )marg + {^1, M, )main , (5.34) 

where the “marginal” terms are those with nim2 — n2mi = 0. Setting nj = rj n 
and ruj = rj m with ri > 1, T2 7^ 0 and (n, m) = 1, it is immediate that 






i/2ymarg 



= 2 2 7T 






r(-f)r(-f) 



2 C(1 + 1^1) C(1 + l'2) 



E 

(n,m) = l 



— mx + n^l 



(5.35) 



or, using (5.32) again. 



\ = Tri ^ - 2 J _ I ^ I ii 2 I 

Vv j/i ttU i /2 ymarg r( — ) F ( +^2 ^ 



X C(l + ^^i)C(l + t22) ^tt ^5 3gN 

C(2 + t/i + t/2) 



or hnally, using the functional equation (3.19) of the zeta function, 

) — C(~^l) C(~^2) 

VUi/iTfOi/sVarg — _ p _ p \ 






(5.37) 



Our first aim in this section is to indicate why one may expect a formula 
such as 



= c (^ — ^— -■) GC (^i±il-^) 2-H-^ <B 

+ side terms , (5.38) 

where the side terms, similar to (5.37), cannot be made precise from the much too 
rough analysis that follows. 

Let us just mention here, without proof, that the number of side terms, 
including (5.37), would be two or three in our case: in Sections 13 and 15, we shall 
find four side terms. The reason for this is that the number of side terms depends 
on the position of Re {v\ ± Z22) with respect to ±1: in Sections 13 to 15 (where 
proofs are complete), it is the case when |Re (z^i ± z/2)| < 1 that will be discussed. 

The relation (5.38) would be even nicer if, in analogy with (3.3), we had 
introduced a special notation for the distribution 2“ recall that = 

2-2+^7 t£: better adapted than (^1 to the use of the Op-calculus: in the Op^- 

calculus, it is the other way around (c/. (5.62) below). 

We now study the (much harder) main part (5^5,^#S'f,2)main- It has been 
shown in [62, Lemma 5.1], and it will be reviewed with more care in Theorem 
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11.3, that if Re > 1, Re > 1 and 1^2 are distinct from even integers, one 
has the formula 

/ oo 

hxdX (5.39) 

-00 

with 



hx{x,^) = ^ " 1 ^ 1 ^. " 

j=o.i 

where \t\^ : = (signt)-^ and 

Cj{yx,V2\i\)^2 2 7 t 2 



(5.40) 



X 



^ l+^^i — ^2+iA+2ji ^ p ^ 1+^*1 +^^2~'^A+2j) ^ p ^ 1 — L/i +i/2+^A+2ji ^ 

^ 1 — ^'i+^'2~'^A+2j ^ p ^ 1 — 1^1 — ^'2+iA+2j) ^ p ^ 1+t/i — 1/2— iA+2j ^ 

(5.41) 



Applying the covariance formula (2.5), it follows from (5.33) that 

-ir(^)r(^^) 



#^L). 



— 1^1 — i/'o —6 

2 2 



r(-f)r(-f) 



/ oo 

Cj{vi,V2\iX) y] \n 1 m 2 - 

-OO -_n 1 -LC\ 



-1 — u-^ — v><2-\-'iX 



n2mi\ 



^ j=o,i 



77-17712— ri 2 mi 7^0 



— 1 — i^l +i>'2 — iA — l + ivi — 1^2 — i A 

|-mi:r + ni^| - ^ | - m2X + n2^L- ^ d\. (5.42) 



We first refer to Definition 5.6 and observe that, when acting on even distri- 
butions, any of the operators 2 z7t£^, Q or C{s) preserves the type (even or odd) of 
distributions. Also, since changing mi, m 2 to their negatives changes nim 2 —ri 2 mi 
to its negative as well, it is clear that the last sum on the right-hand side of (5.42) 
has the type specified by j: it is of even type if j = 0, of odd type if j = 1. Next, 
going back to Definition 5.7 and remembering that Q8 = —SQ, one sees that, 
when acting on distributions of the type specified by j. 






2 y ' V 2 

p f l + i/i+i/2+277rg+2j \ p f l+i/i— 1 / 2 — 277r5+2j \ 



V 






p ^ 1 — 7/1— 7/2— 277rg-|-2j ^ p ^ 1 — 1/1 +7/2 +2771 g-|-2j ^ 



J 1 + ?^1+?22 ^ 



(5.43) 
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When acting on distributions homogeneous of degree — 1 — zA, 2 z 7 t^ acts as 
the scalar — zA, so that an admittedly formal argument would already reduce the 
formula to be proven to 



e = £ ec ^Y ) ® 

+ side terms , 



(5.44) 



/ —9~i\ 

6= / 2^^7t 2 



dx 



p f 1 — ^1 +t^2~l~^A-(-2j 



^ ^ -p / 1+^1 — ^A+2j 
j=0,l -L I 4 



mm2— n2mi>0 



-i/2+iA 

(nim2 - zz2mi) 2 | 



^ I -TO2a: + n2C|) ^ 



Next, with 5 = so that ^ = (ni?n2 - ri2mi) ^ we 

may write the sum on the last line, recalling that the set of matrices uj has been 
introduced in the beginning of the proof of Proposition 5.3, as 



Y Yd 



— 1 — z /^ +*^2 “ l + — 1>'2 \ 

1,^ ^ 1^1,^ ^ og-^ (5.46) 



or, using (5.11), as 



E" 



-1 — —^2+'^^ 



fj(x,o= Y 

/ m «2 
V mi m2 



— 1 — 1^1 +i>'2 — iA — l + t^i — ^>2— 

] ^ |-TO2X + ri2^|) ^ . (5.48) 



On the other hand, from (5.2), 



TnIj^n^YI 



■jOW. 



Thus (5.44), to be proven, reduces to 



1 + Pi - V2 



2 2 ^ 55 + side terms , 



6i^gc 



(5.50) 
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with 



6i 



/ OO 

-OO -_n - 



— 9 — iX —2 + ui—U2—iX 

2-^7T ^ 






4 ) 



i=o,i 






\-mix + ni^\j 

( ni U2 'I p 

V mi m 2 

As a next step, observe that 



1 — i^l+iv2— iA 
2 



m2X + n2^| 



— 1 + 



(5.51) 



-l — i'l+i'2—'^^ — l + r^i— 1^2 — 

a ( \x\- ^ lel ' 



iX 



3 isij ; — (27 t) 

p ( 1 — I^i-f 1^2— ^A+2j \ p / 1+t^i— ^A+2.7 \ 

I 4 P 4 ) 

p ^ 1+^1 -h'2~{~'i'X-\-2j ^ p ^ 1 — ^*1 -^v'2~\~'i'X-\-2j ^ 



-l — v>i-\-U2-f-iX - 14 - 1 ^ 1 — 1 ^ 2 - 1 -^^ 



i^i; 



(5.52) 



and recall that Q commutes with the action of 5'L(2,E): thus (changing A to —A 
in the integral) 0i = ^ 0i, so that the identity to be proven is, finally. 



01 = £ ( ^ — — ] 2 2 ^ 03 -f side terms . 



(5.53) 



To try to justify this formula, we now start from the right-hand side, and 
from Proposition 5.3, thus getting if Re (z/i — z/ 2 ) > 1 the formula 

,554, 

N>1 (n,m) = l 

From (5.9), one has 

C,m = I^'pog-^ (5.55) 

with ^ = ( m m\ ) ^ r (where the second column is arbitrary) and 

= (5-56) 

The decomposition of the distribution (J;/^o)even 5 with 



(7i%)even(®,0: = ^ 0 -h A^o(-a:, “0] , 

into homogeneous components, is, using (2.13) and (2.14), 

1 

(/l^o)even(x,0 = ^J ^ |^| -1-iA g2i.AT| ^ 
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an admittedly formal integral. If one could perform the sum of F /F^-transforms 
of this identity, one would thus get, but this is again essentially heuristic, 

£ fLt T L Zn ) = — E F 

V 2 / StT J-oo 

2"^ \-mx + d \ , (5.58) 

(n,m) = l 

still with ( m ^ r, and up to extra side terms. Obviously, a contour deforma- 
tion would be needed in order to substitute for the series under the integral sign 
a convergent one: this (and the residue theorem) explains the disappearance of 
side terms from the result of our rough arguments. Let us mention at once that, 
though this would be quite feasible if non-trivial, we shall not try to repair the 
preceding arguments in the proof of the main formula to be started in Section 13, 
rather follow a quite different path, for reasons which will be given then. 

We now split the distribution on the right-hand side of (5.58), noting that 
the set of matrices with integral entries and determinant —1 can be described 
either as the set of matrices ( ), or the set of matrices (^ ), with 

9 — ( m ^ r, and that changing g to the first of these matrices would be 
tantamount to changing (x,^) to (— x,^), whereas changing g to the second one 
would be the same as changing to —N. Thus, up to side terms. 






-L 



y. 



|A^|, 



-1— 1+.-2 + * 



I — mx -f n^l 



-l-i\ 



dX. (5.59) 



Now, it is an easy consequence of Poisson’s formula (c/. for instance [62, 
(10.9), (10.10), (10.31), (10.32)]) that, for real t. 



E iiVir ' e"*’"* = i’ E l‘ + <>t 



AT/0 



— s 
3 ' 



(5.60) 



6ez 



with the following proviso: the domains of convergence of the two sides of this 
equation are disjoint, since the left-hand side {resp. the right-hand side) converges 
for Re s < 0 (resp. Re s > 1), and it is to be understood that, on both sides, 
analytic continuation has to be used. Formally plugging the result of this (genuine) 
equation into (5.59), we would get 



I + U1-U2 






-j: 



‘E> 

3 = 0,1 









•^1 +^2 A 

4 ) 



^ 2 — ^A+2.7 
4 



E 

(n,m) = l 



— mx -h n^l ^ ^ 

be'i 



m\x — i2i^ 
—mx -h 



+ b\- 



—U2 — iA 

2 dX, 



(5.61) 
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which is the same as (5.45), using again that the set of pairs n, m parametrizes 

r/r^- 

Remark. As a conclusion to this heuristic section, let us briefly point towards the 
main difficulty, and the way it is going to be solved. 

Proving the main formula (5.38) or, if one agrees to use the Opy^'Calculus, 
the equivalent one, in which denotes the sharp product from the Op^-calculus, 

+ ^ + other side terms (5.62) 

(recall that the Fourier transformation has been deflned in (2.7) and Bezout’s 
distribution 05 in the beginning of the proof of Theorem 4.3, and in (3.42) in an 
informal way) entails considerable difficulties. 

Some of these are already apparent from the heuristic considerations that pre- 
cede. They are connected to the lack of absolute convergence of series of integrals, 
and are to be taken care of by the (not quite) usual complex contour deformation 
methods. Another difficulty stems from the fact that we are dealing with rather 
singular distributions, typically something like |^|^. To circumvent this dif- 
flculty, we shall appeal to Proposition 2.1 again, substituting for the analysis of 
the technically simpler analysis of functions 2 ; i-> u'^) . 

We may then use results relative to the spectral theory of the automorphic Lapla- 
cian to proceed further. 

But the main difficulty has not yet been singled out. It is the fact that 
is not really meaningful in the usual sense. Though Op(S'^) is always 
well defined, for z/ ^ ±1, as a linear operator from <S(R) to <S'(R), it is not 
possible to find three “dense” spaces £^i, E 2 , of functions or distributions, 
each of which would be invariant under the metaplectic representation, such that 
Op(3^^2) should send Ei to F' 2 , and Op(3^^J should send E 2 to E’s. Not even 
choosing for Ei the space algebraically generated by the tzf ’s, p = 0 or 1, and for 
Es the algebraic dual of this space, would do, for it will be proven in the beginning 
of Section 10 that Op(S^^) does not even send Uz into L^(R): things behave better 
so far as odd states ul are concerned. 

A spectral analysis of the problem of giving the sum on the right-hand side 
of (5.33) a meaning shows that there is a remaining difficulty, quite similar to the 
one that prevented us, in Theorem 3.3, from giving the series (3.41) defining 
a direct meaning in the case when i = 0. Namely, it is only after we have applied 
inS or, more generally, {i7rS)p for some p > 1 to each term, that a series such as 
^ I — mix -I- — m 2 X -f can be made to converge. 

We must then give some answer to the following question: how can one, in 
certain cases, give a meaning to the image under inS of the symbol h of some 
operator A, without being able to define either h or A 7 An answer is provided 
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in Section 12 and the very beginning of Section 13: though this is not strictly 
unavoidable, a much better understanding of this issue can be obtained from the 
introduction of the “higher- level Weyl calculi” , to be developed in the next seven 
sections. For, with the Op^-calculus, there is a naturally associated pair of sets of 
functions (uP)zeu^ such that, extending the concept of Wigner function 

to the Op^-theory, the Wigner function associated with a pair , u^) {resp. with 
a pair should be essentially the image of the usual Wigner function 

VF(w^, under the operator {—i7r£)p{resp. (— Z7r^)p+i). 

The Op^-calculus has other applications, and may not be devoid of inter- 
est from the point of view of elementary harmonic analysis, relativistic quantum 
mechanics or quantization theory. However, readers only interested in the automor- 
phic Weyl calculus may be advised to jump to Section 13, after having familiarized 
themselves only with Definition (6.13) and with Proposition 12.1. 




Chapter 2 

A Higher-level Weyl Calculus 
of Operators 



N.B. The level alluded to here is an energy level (Theorem 8.1). 



6 A tamer version of the Weyl calculus: 
the horocyclic calculus 

The Op^-calculus, to be introduced in Section 9 with a first approach in the present 
section, smoothes up the most serious difficulties inherent in the automorphic 
pseudodifferential analysis in two ways. First, as soon as p > 1, it “forgets” all 
distributions homogeneous of degree —1: and a detailed spectral analysis of our 
problem shows that this part of the decomposition is indeed the major obstacle 
to defining the sharp product of, say, two Eisenstein distributions. Next, its use 
makes it possible to substitute for the collection of functions {'ijjz) a set of functions 
-0^+^ which are just as nice as the outside zero but which, moreover, vanish 
up to a certain order at zero (c/. (6.2)). In the next seven sections, we shall develop 
this calculus to a further extent than what is strictly needed for its application to 
the automorphic pseudodifferential calculus. 

The horocyclic calculus was first introduced in [56, Theorem 6.1], but [62, 
Section 17] gives a more self-contained introduction. It depends on some real pa- 
rameter T > — 1, and on the consideration of the Hilbert space i7r+i of (classes 
of) measurable functions on the half-line (0, oo) such that 

nOO 

\Mr+i-= \v{s)fs~'^ds<oo. (6.1) 

Jo 

There exists a unitary projective representation of *5'L(2,M) in this space, 

equivalent to a representation taken from the projective discrete series of SL{2^ M). 
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The horocyclic calculus is a symbolic calculus of operators on in which 

symbols live on it satisfies a covariance property fully analogous to (2.4), the 
representation T>rvi taking the place of the metaplectic representation. As we wish 
to rapidly familiarize the reader with the main features of the horocyclic calculus, 
we postpone the definition of T>r+i to the next section. 

It may not be necessary at present to recall the original definition of the 
horocyclic calculus, which depends on the use of the Radon transformation, from 
functions on 11 to even functions on R^, and on a connection between the horo- 
cyclic calculus and any of the symbolic calculi available with II as a phase space. 
Instead, we shall give a set of characteristic properties, which the reader may take 
as an axiomatic definition of the calculus. The existence and uniqueness will be 
shown by other, more interesting, means in Section 9, at least in the special case 
when 2r is an odd integer: it will be sufficient to deal with this case in the present 
work, even though, as shown in Section 8, part of the structure with p replaced 
by an arbitrary real number may be useful in the study of some relativistic wave 
equations. 

We first define, for any r > — 1 and 2 : E II, the function 

r + l 

^yi(s) = (r(r+l))-q47r)^ (im (-;)) ' : (6.2) 



it has norm 1, and the representation Pr+i essentially permutes the elements of 
this family: for, given any z E II and g E 5L(2,R), there exists cj E C, |cc;| = 1 
depending on (r, ^, 2 :), such that 

2^r+l {gWz^^ = W . (6.3) 

For any pair re, 2 : of points of IT, we consider the rank-one operator 

Pw,z ■■ V ^ k)V’E ^ , (6-4) 



where the scalar product (antilinear on the left) is of course that associated with 
the Hilbert space i^r+i- The following, reproducing [62, Theorem 17.5 and Propo- 
sition 17.6], is a characterization of the horocyclic calculus. 

Theorem 6.1. For every r > —1, there exists a unique isometry symb^_^ 3 ^ from 
the Hilbert space of all Hilbert- Schmidt operators on i7r+i Mo with 

the following properties: first, the image of symb.,.^]^ consists of all functions in 
Lgven(^^) i'o^'oariant under the (unitary) symmetry 



V{mS) r (t + I - iwS) 
r{-i7rS) r (r -h I 4- iirS) 



(6.5) 



Next, the function p^^z = where is the rank-one oper- 

ator defined in (6.4), is characterized, with the notation introduced in (2.14) and 
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(2.15)^ by the equation 



{pw,z)\{s) = 



ij-iA 
2 2 



(t(; — z) 2 + "2 



.27 2 + ^2^ (s — 2:) 2 + ^2^ 

where the scalar product, taken in the space i^r+i^ can he made explicit as 



{z~^ — w~^) 



-nr+l 



and the constant is given by 



7r^ = 2-M2^y 



-i_iA r (^ + y) r (r + i + ^) 



r(f) r(r + i) 

The function symb^_i_j(i?) is called the horocyclic symbol of the operator B 
Given r > — 1, the two maps ^.nd defined by 

ry-^ + T- 



( 6 . 6 ) 



(6.7) 



( 6 . 8 ) 



{Siyv)it)=2-^\t\-^- 



"'2 



(6.9) 



and 



{^yv){t) = 2^\ty 



V \ J \ sign(t) 



(6.10) 



define two isometries, the first one from Hr+i onto Lg^g„(K), the second one 
from Hr+i onto Lqjj(R). In the even case, we shall choose t = — | + 2£ with 
^ = 0, 1, . . . and set 



uf{t) = {Sqyyyt) 

( y) 






Im I — 

z 



in the odd case, we shall choose r = ^-\-2f and set 

uy{t) = {sqityy){t) 



i+i 






( 6 . 11 ) 



(27t) 



2£+f \ 2 



r( 2 ^+|) 



Im 1 

z 






^2e+l givrV 



( 6 . 12 ) 



The two formulas (6.11) and (6.12) of course reduce to 






(6.13) 
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whatever the parity of p = 0, 1? • • • • We also remark that our present notation 
extends the meaning of uj, as it has been defined in (2.24) in the case when 
p =: 0 or 1. The reader should not mistake the sequence (tif)p>o for an orthogonal 
sequence of Hermite functions, despite the coincidence for p = 0 or 1. 

We shall now substitute for the Weyl calculus a generalized version: op^^ will 
do when dealing with operators acting within spaces of even functions only, and 
^p 2 £+i work in the odd case. Mark the lower-case, meant to emphasize that, 
so to speak, in any case, only “one fourth” of a complete calculus of operators on 
L^(R) is realized in this way. 

Definition 6.2. We denote as op^^ the isometry from the subspace of 
consisting of all functions invariant under the symmetry (6.5), where r = — ^ + 2£, 
onto the space of even-even Hilbert- Schmidt operators on T^(R) (c/. discussion 
following (2.9)), characterized by 



A = (h) <i==^ h = symh2^+ 1 ASqlitCj , (6-14) 

and we denote as op^^~^^ the isometry from the subspace of consisting 

of all functions invariant under the symmetry (6.5), where r = | -|- 2£, onto the 
space of odd-odd Hilbert- Schmidt operators on L^(R) characterized by 

^ = op2^+i(/i) -^/i = symb2£+| ^(5^odd") ^*S^odd'^ • (6-15) 

Note that only the intertwining operator occurring in (6.14) or (6.15) distin- 
guishes the op^-calculus from the horocyclic calculus. From [62, Theorem 17.7], 
it follows that the op^-{resp. the op^)-calculus is just the same as the even-even 
{resp. the odd-odd) part of the Weyl calculus. But, first, one should check that 
the symmetry (6.5) reduces to Q when r = — to —Q when t = ^: again, one 
should go back to the discussion following (2.9) to note that, indeed, this is all 
right. 

To develop the op^-calculus further, we first compute Wigner functions. The 
concept is the same as in (2.3), only substituting op^ for Op. Consider the invo- 
lution (6.5) 



, ^ ^ r{i7r£)F(p~i7r£) {-iix£)p 

T{—iT^S)V{p + iT^£) £)p 



(6.16) 



using on the right-hand side the notation provided by the use of Pochhammer’s 
symbols. 

The Wigner function wig^(u,tx), where n, it lie in <S(R) and have the parity 
associated with p, is characterized by the property that one should have 

{v\op^ {h)u) = [ h{x,^)wig^{v,u){x,^) dxd^ 

JM2 



(6.17) 
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for every h e invariant under Ep, and that it should also be invariant 

under the same symmetry. 

One of the most pleasant properties of the horocyclic calculus (a property 
not shared by any of the calculi available with II as a phase space, for instance 
[6, 7] or [55, 58]) is that the symbol map is an isometry from a space of Hilbert- 
Schmidt operators to some closed subspace of This also holds for the 

op^-calculus in view of the intertwining formula (6.14) or (6.15). A consequence, 
by a trivial Hilbert space argument, is that the Wigner function wig^(t’, u) is also 
the op^-symbol of the rank-one operator w {v\w)u. From Theorem 6.1, we get 
in particular (with the notation (2.14), (2.15)) 



Im z 



Thus, from (2.16) and (6.8), 



2 \ 



[wigP{uP,uPJ]x{x,e = 



r(l^) r(p+f) f2n\x-ze 



r(f)r(p + i) 



Im 



Recall (2.13) that 



/ oo 

[wigP{uP,ul)]xdX 

-OO 



(6.18) 



(6.19) 



(6.20) 



and that 2z7r £h — —i\h if /z is a distribution on homogeneous of degree 
— 1 — iA. It thus follows that 



wigP«,0 = W{uz,u^) 



n-m£) r(p+i) 

W{uz,u^) , 



{-iTrS)p 



(I), 



with (recalling (2.27)) 



W{uz,U;,){x,e = 2 exp 



( 6 . 21 ) 



( 6 . 22 ) 



The equation (6.21), together with the ^-invariance of W{uz^Uz) and the 
relation Q{m 8) Q~^ = —m 8^ makes it possible to check that, indeed, wig^(i^;^, Uz) 
is invariant under Ep. As Ep is its own transpose, when acting on <S'^gj^(R^), one 
sees that defining op^(/i) by (6.16) is also meaningful whenever h G Ll^^^{R‘^): 
the result is just the same as op^(|(h + Ep/i)). 

We already observed in (2.29) that applying the operator tt^ 8^ to a function 
of q = ^ viewed as a function of x, was equivalent to applying it, viewed 
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as a function of 2 ^, the operator A — Here, taking the first point of view, one 
gets 

in e . k{q) = 

We have thus proved 



Proposition 6.3. For any p = 0, 1, . . . , and z G H, 



wigP«,O(x,0 = (-1)^ 



with 



1 3 
2*2 



i-h+p) 



.2e 



(6.24) 



Note that the right-hand side is the product of by a polynomial in q. 
Using a ‘‘sesquiholomorphic” argument, one immediately finds wig^(u^,uf) for 
any pair re, z as well: indeed, since uf is (Im (— i)) 2 + i times an antiholomorphic 
function of (6.17) shows that wig^(u^,uf) is (Im (— :^)Im (— ^))2 + 4 times a 
function which is holomorphic in w and antiholomorphic in z. Thus wig^(i^^, uf) 
is obtained from (6.24) by substituting 



^ {x- wi) [x - zi) 

2^ 

2i 

for g, and multiplying the whole new function obtained by (compare (6.7)) 
{w~^ — — z ~^)2 + i 

(z~^ — 



This makes it possible, for any tempered (this is far from necessary) distribution 
h € «S'(M^), invariant under the symmetry (6.16), to define op^(/i) in the following 
minimal sense: as a linear operator from the space algebraically generated by the 
u^’s, z G n, to the weak dual of this space. 

We now generalize Theorem 3.1 and Theorem 4.2. First, just as in the Weyl 
calculus, we set {cf. (2.21)) 



opy/i) = op*'(2-i+-£/j), 

Theorem 6.4. For every p = 0, 1, . . . and 2 : G H, 



if y ±1; and 



( 2 )^ ^ 

\2)r, 



(6.27) 



(6.28) 



(6.29) 



for any cusp- distribution (04^^)**. 
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Proof. 



K|op^(e#)<) = (4, 

{Si, W(u,,u,)) 

\2)p 



(6.30) 



since <£» is homogeneous of degree — 1 — z/, and it suffices to apply Theorem 3.1 for 
the first part. The second part is proven in the same way, using Theorem 4.2. □ 



7 The higher-level metaplectic representations 

The “square root construction” to be introduced now is very similar to the one 
which yields first-order systems such as Dirac’s equation from second-order equa- 
tions such as Klein-Gordon’s. Only, the starting point here will be not one operator, 
but the set of infinitesimal operators from a pair of representations taken from the 
discrete series of 5'L(2,R). In the next section, as a development unrelated to our 
current automorphic endeavours, we shall briefly describe how this construction 
indeed produces the radial parts of the energy operators from Dirac’s equation (a 
wave equation for the electron-positron) or from Weyl’s equation for the neutrino. 

Our present motivations are different: the main point is to smooth up a lit- 
tle bit the Weyl calculus of operators while preserving its fundamental covariance 
property. To this effect, we first need to generalize the metaplectic representation 
Met to a sequence (Metp)p>o: this will be obtained by piecing together two irre- 
ducible representations and from the holomorphic discrete series of 

S'L(2,M). We reproduce the (classical) definition of this latter concept, from [62, 
Section 17]. Recall that a projective representation is almost like a representation, 
except for the fact that the homomorphism property is weakened by allowing extra 
“phase” factors, complex numbers of modulus one {cf. 1. in Proposition 7.1). Also, 
the projective representation Pr+i defined as follows is square-integrable only in 
the case when r > 0, but we shall, for simplicity, call the whole family (where 
r > — 1) the projective holomorphic discrete series, or simply the discrete series. 

Proposition 7.1. Let t be a real number > — R and let i7r+i be the Hilbert space 
of all (classes of) measurable functions on the half-line (0,(X)) such that 

noo 

ll'^llr+1 •= / |'?^(5)ps“'^ ds < oo. (7.1) 

Jo 

There exists a unitary projective representation tt = 7^r+i o/5'L(2,R) in idr+i 
with the following properties, in the statement of which g = (cd)- 
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1 . for every pair {g,gi) of elements of SL{2^W), the complex number 
'x{ggi)~^'K{g)'K{gi) belongs to the group exp(2z7rrZ); 

2. for every g with b < 0, 7r{g) = e'^^^^~^^^7r(—g); 

3. z/6 = 0, a > 0, (7r(^)t’)(5) = 

4. ifb> 0, and v G oc[), 

{7r{g)v)(s) = e'''^^^‘^ j v{t) (ff exp Jr dt. 

(7.2) 



Proof. That one can give a real-type realization of the holomorphic discrete series 
in which the integral kernels of the unitary operators 7r{g) are realized with the 
help of Bessel- type functions is well known in a much more general context [21, 22]. 
An elementary reference is ([55], Proposition 1.5) (note that in the latter reference, 
the representation was denoted as ^ i— > Mg~i and that our present T>r-\-i{g) is just 
Mgj^ with gi = (io)^~^(io)’ substituted for A). 

Of course, if r is an integer, I>r+i can be chosen as a genuine representation 
in a unique way; in any case, Vr+iig) is uniquely defined up to the multiplication 
by some number in exp(2z7rrZ). □ 

Proposition 7.2. Under the assumption that r > 0, consider the Hilbert space ^r+i 
of all holomorphic functions / m II with 

\\ff-=[ d/j.{z) < oo (7.3) 

Ju 

together with the map v f, 

poo 

f{z) = {47T)^ z-^-^ / v(s)e-^^^^^~' ds. (7.4) 

Jo 

The map just defined is an isometry from i/r+i onto Hrvi ’ intertwines the 
representation T>rvi of SL {2, W) in ifr+i ond a representation T>r-ei of SL(2,R) 
in Hr VI 7 taken from the holomorphic (projective) discrete series, characterized up 
to scalar factors in the group exp(2i7rrZ) by the fact that 

(r^yg)f)iz) = {-cz + a)“"- V (7-5) 

if c < 0. In all this the fractional powers which occur are those associated with the 
principal determination of the logarithm in II. 

Let us emphasize that, as one should be, we have been very careful with the 
phase factors, especially in view of the fact that the values of r of main interest 
to us are — |, Not everyone normalizes the holomorphic discrete series 
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in the same way, as the conjugation under some inner automorphism of SL{2,R) 
may occur: here, no choice could possibly be arbitrary, in view of the necessity of 
coherence with the Weyl symbolic calculus. 

It is important, first, to understand the infinitesimal operators of the repre- 
sentation Pr+i, i-e., the infinitesimal operators, in the sense of Stone’s theorem, 
of the one-parameter groups of unitaries t i— > 7r(exp tX), X G 0 = 5/(2, M). For 
instance, if X = (o V)’ 9 ~ ~ (o operator Tr(^) given in 

(7.2) is exactly, when /? < 0, the operator exp(i/3yl), where A is the appropriate 
self-adjoint realization of the formal differential operator 



1 






27T 






ds 



(7.6) 



on the half-line. One can also establish the following: if A is a certain self-adjoint 
realization of the formal differential operator 



1 






27T 






-h (1 - r) 47 t 

as 



(7.7) 



then 

^exp^— (s) = 27t J ^ Jr{4c7ry/^) v{t) dt , (7.8) 

so that exp{—^ A) is the unitary 7t(^), in the sense of Proposition 7.1, corre- 
sponding to ^ = ( J ) . 

It is much easier to check that if X = ( J ) , so that exp(aX) = ( ^^"^ J), ) , 
then 7t(^), given in Proposition 7.1 as 

(7t((/)u)(s) = w(e^“*) , (7.9) 

can also be expressed as 7r{g) = exp(iayl), with 

+ 1 - y p “) 

also, that if X = ( J q )? so that exp( 7 X) = ( 71)5 one has 7 r(exp 7 X) = exp(i 7 A) 
with (^u)(s) = 27T5r>(s). 

In the three cases when X is the element (0 V)’ ( V 1 ) (1 0 ) 

we have thus made a certain operator A, such that 7 r(e^^) = exp{itA), explicit: 
the correspondence X iA from g to a certain space of second-order differential 
operators, linearly extended, is usually denoted as X 1 -^ d 7 r(X): it is the infinitesi- 
mal representation associated with tt. It is then Stone’s theorem on one-parameter 
groups of unitaries which permits one to define, for each formal differential opera- 
tor A in the linear space under consideration, the self-adjoint realization one has 
in mind: it will not be necessary to characterize the domain of iA in each case. 

We can now begin our construction of the representation Met^, p = 0, 1, . . . 
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Definition 7.3. Given p = 0, 1, . . . , we consider the space cSp(M) = {x i-^ v{x), 

V E and the operators of “position and momentum” Q and P, defined on 

<Sp(M) by the equations 



Qu = XU , 



Pu = 



2m 



du 



221 4. (_i)p+i 
dx 



(7.11) 



Note that, if u = x^ 

2m [Pu){x) = {x^ v{x)) -f (—1)^"^^ — {—xYv{—x) 

dx X 

= ^ + px^~^ [v{x) — v{—x)] . C^-12) 

This implies that Pu G Sp{R). 

The space Sp{R) is provided with the topology which makes the multiplica- 
tion by x^ an isomorphism from <S(R) to Sp{R). 

Of course, P and Q reduce to the usual position and momentum operators 
in the case when p = 0: then, the operators iP, %Q and il linearly generate, over 
M, the set of infinitesimal operators of the so-called Heisenberg representation 
of the three-dimensional Heisenberg group in L^(R). When p 0, P and Q 
do not generate a finite-dimensional Lie algebra, but we have no need for it. It 
is handy to write all operators on Sp{R) in block-matrix form, corresponding 
to the decomposition <Sp(M) = (vSp(R))even 0 (<^p(R))odd- To avoid carrying the 
coefficient (— throughout, or splitting the discussion at every step, or using 
very cumbersome terminology, we shall usually assume that p is even: however, 
when p is odd, the situation is fully similar except for the fact that one must 
switch the two terms of the direct sum above instead. All statements given in the 
even case will then remain valid in the odd case. 



The following formal computations are straightforward, if somewhat tedious. 



Proposition 7.4. With respect to the decomposition (R) =(<Sp(R)) even odd 
in the case when p is even, 5p(R) = (<^p(R))odd 0 (‘^p(R))even when p is odd, one 
has 






Q = 



0 X 
X 0 



[P,Q] = 



p = 



1 



0 



I A _ £ 

^dx X 



A _L £ 

dx X 

0 



1 (l + 2p 



x^ 0 
0 



2m V 0 
PQ + QP 



l-2p 



1 

2m 



23^37 + 1 

0 



2^^ + l 



1 



dr 

^ I dx'^ 
47t2 \ 



PilzEl 0 

d^ _ pA+p) 
dx‘^ x"^ > 



0 A 

o ^^2 



0 



(7.13) 
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One must note that all “second-order” operators are diagonal in block-matrix 
form, contrary to P and Q; they generate a Lie algebra, isomorphic to g = s/(2, R), 
given by the relations: 



Proposition 7.5. 

IP^Q^] = -{PQ + QP), 

ITT 

[P\PQ + QP] = —P^, 

[Q^,PQ + QP] = -—Q\ (7.14) 

ITT 

Finally, 

Proposition 7.6. 

P] = [PQ + QP, Q] = 1 Q , 

ITT 

[P^Q] = -[PQ + QP,P] = -P. (7.15) 



We now connect the operators in the linear space generated by P^, PQ -j- 
QP, to the infinitesimal operators of the representations Pr+i? |- 

Define, in block-matrix form, the unitary operator 



$ = 



<-^even 



0 



0 



C^P+2 

*^odd 



(7.16) 



from Pp+i 0 Pp+I onto 0 Lq^^(R). Under this isomorphism, one may 

transfer the operators P^ , PQ 0 QP, Q ^ . The result of a simple formal computa- 
tion is the following: 

Proposition 7.7. 



(tt p2)^ 
(tt (PQ 0 QP)) ^ 



_X 

27T 



-10 S 



ds‘ 



0 

0 






—i {2s 

27T s 

0 



0 

2ns 



ds J 



J_ 

27T 



jL 4_ 3 

ds ^ 2 

0 



-p) 



50 + (5 -rt S] 






(7.17) 



In the upper- left corner {resp. the lower-right corner), one recognizes in 
each case the operator A, listed above, corresponding to the case when X = 
(0 V) ’ ( V 1) (10)’ nnd to the value r = p — ^ {resp. p 0 |). Since the 
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operators —id7r{X)^ with tt = have already been provided with 

an unambiguous definition as self-adjoint (rather than only symmetric) operators, 
we can, under the transfer by give all operators in the linear space generated 
by PQ + QPand an unambiguous definition as a self-adjoint operator on 
P^(M) just as well. 

Definition 7.8. The p-metaplectic representation Metp is the unitary projective 
representation on P^(R) defined by 

(,)) «•- 

for all ^ G S'L(2,R), where T>r has been introduced in Definition 7.1. 

Remark that, since r = p± ^ and p G Z, Metp lifts up, for all values of p, 
as a genuine representation of a twofold covering of *S'L(2, R), but not of 5L(2, R) 
itself. 

Theorem 7.9. For p = 0, 1, ... , the unitary operator Metp(p) preserves the sub- 
space Sp{R) of L^(R) for every g G 5L(2,R). 

Proof With g = ( " ^ ) , the case when b = 0 is trivial, so we can assume that 
6 > 0 and write Metp(p) = ( tt ) with 

V ^ 



(Uru){x) = e ^ T / |xp| 2 (signxp)-^ exp 

^ J —oo 

Jr (- ^ - |— -^ u{y)dy, (7.19) 

with j = 0 or 1, j = r -h I mod 2. Setting q = p when dealing with functions of 
the parity related to p {i.e., even if p is even, odd if p is odd), q = p when 
dealing with functions of the opposite parity, performing the change of variable 
p 1 -^ and changing the constants a and d, we thus have to show that, for every 
g = 0, 1, . . . , the operator Vq defined by 

/ oo J 2 r I XU I j 

e'" {xyy ypA u{y) dy (7.20) 

-OO \xy\^ 2 

preserves the space <Sg(R): let us not forget that a function in tSp(R) of any given 
parity is actually in Sq{R). 

Since [31, p. 72] one has for some constant C and every r > 0 

= (— ). 



/ . dx‘^ -h ay^ \ 

) 



r 



(7.21) 
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and the function (r ^ extends as an even function of r on the real 

line, it is clear that, as soon as u lies in tS(R), the function x jg 

defined and on M: it remains to be shown that it is rapidly decreasing at 
infinity. 

First assume that u is zero in a neighbourhood of 0. Then, for |x| > 1, an 
integration by parts, applied to the equation 

x-^V,u){x)=C p <y)^y^ ( 7 - 22 ) 

makes it possible to isolate of the factor sinxy; next, a new integration by parts, 
based on the relation sinxy = sinxy, shows that the function x~WqU 

is also rapidly decreasing at infinity (together with all its derivatives). 

We now drop the assumption that u vanishes in a neighbourhood of 0, still 
assuming, of course, that u G Sq{U). Let w be an arbitrary function in <Sg(R), and 
denote as yw the function y i— > yw{y). Assuming y > 1, and using an integration 
by parts (based on the use of the operator ^(y.) ) and the equation [31, p. 67] 

\xy\J'q_i{\xy\) = \xy\Jq_i{\xy\)-{q-^ J^_i{\xy\), (7.23) 

one may write, starting from (7.19) and (7.20), 

/ oo 

ei-i<i-^+-v^)\xy\h{s\gnxyY 

-OO 

[2i-Kay‘^ Jq_L{\xy\) -l- (1 - 9 ) Jq-:^{\xy\) + \xy\ Jq_i{\xy\) ] w{y) dy , (7.24) 

in other words 

[Vq {yw' + (2 - q)w + 2inay‘^w) )(x) = -xVq-i{yw ) . (7.25) 

Now, given any u G <Sg(R), solve the equation 

yw' + (2 — q)w -f 2in ay^w = u (7.26) 

with rc(0) = 0, so that 

rV 

w{y) = / ^2 ^ (7 27) 

Jo 

Then, with 0 G C^{R) with 0(y) = 1 in a neighbourhood of 0, u can be written as 
u = uiTu 2 , where ui {resp. U 2 ) is the image under the operator y^+2-y+2i7ray^ 
of the function (l)w {resp. (1 — (l))w). The function VqU 2 lies in V^(R) because 
U 2 does and, moreover, vanishes in a neighbourhood of 0. From (7.25) one has 
VqUi = —X Vq-i {y4>w)^ so that the proof of Theorem 7.9 follows by induction: the 
case when y = 0 reduces to the well-known fact that unitaries in the image of the 
(usual) metaplectic representation preserve the space S{R). □ 
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We now come to the discussion of the adjoint action of unitaries in the p- 
metapiectic group on the operators P and Q: at the same time, this will provide 
us with an easy mnemonic for remembering the group homomorphism 0 (a twofold 
covering) extending the map Metp(^) i-^ g . 

Theorem 7.10. Given an operator 

l = 7r[a(PQ + QP) + /3P2+7<3^] (7.28) 

in the Lie algebra (over generated by the operators P^, Q^, PQ + QP, set 

this is the matrix of the operator i ad X, acting on the space generated by Q and 
P, in the basis (—P^Q). Given any operator —yP A pQ in this space, one has, 
for every t € M, 

gitX ,^_yP ^ ^-itX ^ _y>p ^ 

with = (exptX) Q . 

Proof. From Proposition 7.6, one has 

\X,P]=i{aP + jQ), 

[X,Q] = ~i{aQ + pP), (7.31) 

which proves the first point. The second one is a consequence of the relation 

gitX (^_yP ^-^tX ^ ptadX ^_yP ^ 

where iadX is represented by the matrix X in the given basis. □ 

In particular, defining Or by the equation (7.8), i.e., 

/>00 .X 

{aru){s) = 27T J ^ u{t) dt , (7.33) 

one defines the p-Fourier transformation Pp as 

then 

Xp = exp (^-j (7t(Q 2 + p2))^ , (7,35) 
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and 






(7.36) 



When p = 0, Pp is the usual Fourier transformation P on defined as 



{Tu){y) = J ( 



, — 2i7T xy 



u{x) dx . 



(7.37) 



In all cases, Tp = , the block-matrix representation of the map u u. 

Making Tp explicit will help understand in which sense it generalizes the 
Fourier transformation. 

Proposition 7.11. Let u € C^(IR\{0}/ Assume that p is even. If u is even, one 
has 



(7.38) 



(7.39) 



poo 

(Ppu)(x) =2tt {\x\y)i Jp_L{2Tr\x\y)u{y)dy 
Jo 

and if u is odd, 

pOO 

{Tpu){x) = -2iTT {sign x) / (\x\y)^ Jp_^_L{2w\x\y) u{y) dy . 

J 0 

Proof From (7.34) and the Definition (7.16) of one gets 

Tp = Sqevei cTp_i {Sqevei)~^ on even functions 

and 

jFp = -i (■^od/)”^ on odd functions . 

Proposition 7.11 is then a consequence of (7.33) together with the Definition 

(6.9), (6.10) of Steven and : the computation is straightforward, if some- 
what tedious. □ 



(7.40) 



From (7.32), it is clear that the map 0 : ±Metp(^) ^ g ^ *S'L(2,R) is charac- 
terized as follows: with U = ibMetp(^), 0{U) is the matrix of the transformation 
AdU: 

{Ad U){-yP + vQ) = U {-yP + rjQ) U~^ (7.41) 

in the basis {—P,Q). 

Now, consider the effect of p-metaplectic unitaries {i.e., operators ujMetp(g) 
for some g G 5L(2,R) and u e C, \uj\ = 1) on functions or as introduced 
in (6.13). 
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Theorem 7.12. Given a p-metaplectic unitary U, with 0{U) (as defined above 
(7.41)^ = (“ S), one has 

UuP = ujul^ (7.42) 

cz-\-d 

and 

(7.43) 

cz-\-d 

for some “phase factors’^ uo or uj' ^ C, with |c<;| = |a;'| = 1. 

Proof This is a consequence of (6.13) and of the Definition 7.8 of the j 9 -metaplectic 
representation: however, we prefer to give a direct proof for a set of generators of 
the p-metaplectic group (this is sufficient), computing the phase factors in the 
cases considered, li U = exp (iq .tt Q^), so that 0{U) = (7 i)? one immediately 
gets, according to Proposition 7.4, 

(/7<)(x)=e-^-^ <(x) 

= 'u^,(x) (7.44) 

with ^ = I + 7 , i.e., z' — = ( 71 )-^? ^nd the same goes for the action on 

i/f+h li U = exp {ia .tt {PQ + QP)), so that 0{U) = ( ^^ ), one gets, starting 
from (6.13) and using Proposition 7.4 again, 

(f/<)(x)=<_,.^(x), (7.45) 

and the same goes with the odd states 

Things are more complicated in the case when U = exp (i/3 .tt P^), so that 
0(^U) = Assuming, say, /3 < 0, and using, with r = p± the formula 

provided by (7.19), we get, with C = ^ r(^+i) ) ^ equation 



{Urul~^^){x) = c(lm 



^ poo ^ 

W\ J l^ylhsignxj/)-^ 



exp —ITT 









J. I ^^4^) (7.46) 



with j = r — p + I (= 0 or 1). This integral is essentially found in [31, p. 93], which 
yields the result 



{UruC){x)=C (im (-1 



T + 1 
2 



-i 1 



/? 



right 



g 77 T 2 (signj))-^ exp [ m x^ 






(7.47) 
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where the subscript in ( )j.ight^ means that the principal determination of the power 
function on the right-half plane is to be chosen. Now, with ^ ^ so 

that z' = z — /3, one has Im (— ^) = |1 — f Im (— ^) so that, with ( — - p/ — 

and uj = CTjht^’ l<^l — 1 relation Urul~^^ = 

• T 1 

If /^ > 0, the formula is almost the same: only has to be changed to its 

inverse. 

We shall also need the formulas 



J p LL^ 



—iz 



-t-p 



right 



and 



= * 






1 2=1 / right 

proved in the same way, starting from (7.38), (7.39) 






(7.48) 



□ 



In connection with the representation Metp, the families of functions 
and {u^'^^)zeii will be used in exactly the same way the families {uz) and {u\) 
have been used in connection with the usual metaplectic representation. 

Proposition 7.13. Assume that p is even. Then the set {u'^)zeu is total in 
(<S^(R))even CLnd the set {u'P'^^)zen total in (<S^(M))odd- 

Proof. Dividing functions in the appropriate space by x'^ or reduces the 

question to the case when p = 0, in which it is well known to be true. □ 



In all that precedes, and in all to be coming with the exception of Section 12 
(which depends on induction on p starting from p = 0), the assumption that p is 
an integer is not necessary: we now substitute for p any real number s (one should 
assume 8 > — | if an appeal to the projective representation Vs_^i is needed) and 
extend Proposition 7.4 as a definition, setting in particular 




we shall regard Ps as acting on functions u only defined on (0, oc), which is not a 
genuine difference from our first interpretation, in which each component of u was 
assumed to have a definite parity; observe that we changed the variable x to r. 

The spectral structure of the operator Pg (and, as a consequence of the ana- 
logue of (7.30) concerning the s-metaplectic representation, that of any operator 
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in the real vector space generated by Pg and Qg = Q) is of course an easy matter, 
in view of the formula 



1 / ^(^-1) 

I dr^ 

47t 2 y 0 



0 

_ g(g+l) 
dr'^ ^2 



(7.50) 



taken from (7.13). 

Another interesting operator is the operator A = tt P which occurs 
in (7.35), hereafter referred to as the Op^-version of the harmonic oscillator. From 
(7.13), 



VO Ls+iJ 


(7.51) 


L - ^ 47tV1 

^ 47t 


(7.52) 



The standard WKB method shows that, among the solutions of (Lg — A) (/> = 0 on 
]0, oo[, there is one which goes to zero, as r oo, like and another one 

which goes to infinity like r^~ 2 e^^ . On the other hand, at r = 0, the roots of the 
indicial equation are s and 1 — s. We assume that s > ^ from now on. If s > |, it 
is clear from what precedes that initially defined on (7^(]0, oo[), is essentially 
self-adjoint on L^((0, oo); dr); if | < s < |, we fix a self-adjoint extension of 
Lg by the boundary condition rcj)' — scj) — 0 at 0, which selects the solutions 
of {Lg — A) (/) = 0 behaving like r® at zero. One can show that Lg is unitarily 
equivalent to the operator which is the generator, in the sense of Stone’s theorem, 
of the unitary group 0 i ( ( ^ ) ) associated with the representation 

from the projective discrete series. However, it suffices for our purposes to 
note that the spectrum of Lg is the sequence (5 + | -h 2n)n=o,i,... and that an 
eigenfunction corresponding to the eigenvalue s -h | + 2n is the function 

4>n{r) = Ln~ ^\2Trr‘^) , ( 7 . 53 ) 

(s--) 

which can be found in [ 31 , p. 243 ]: here Ln ^ is a generalized Laguerre polyno- 
mial. 

The matrix structure, on the other hand, of the operator Pg, makes the study 
of the “generalized eigenvalue equation” PgU = Mu in which M may be a general 
hermitian matrix, interesting as well. The following proposition will be useful in 
the next section. 

Proposition 7.14. Assume s > ^, and let M = be an arbitrary hermitian 

matrix with d ^ 0. The equation 



PgU = - Mu 

2 



(7.54) 
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has a non-trivial solution in the space (L^((0, cx)); dr))^ if and only if b > 0 and 
the condition 



det M + 



bs 

s -\-n 



2 

= 0 



(7.55) 



is satisfied for some n = 0, 1, . . . . If (7.55) holds, the corresponding space of solu- 
tions is one- dimensional, generated by 



,s r ( 



^ '^(27T/ir) \ 



(7.56) 



where pi = (— detM )2 = the second row should be interpreted as zero in the 
case when n — 0. 

Proof Assume that detM < 0 to start with, and set detM = —pi^, pt > 0. 
Consider the isometry 9: (L^((0, oo); dr))^ ^ (L^((0,oo); ^ dx))^ defined by 



{0u){x): =x 2 ^ 



or 



{0 ^v){r) = {pir) 4 v{{p.r) 2 ) . 
A straightforward computation shows that 



op,o-^ = 



1 / 0 

I X ax x^ 

Aiiv I M A _L Q 

\x dx ' 



Thus, with V = 9u, the equation PgU = ^ Mu is equivalent to 

BsV = pi~^M X V 

with 



B..: = 



1 



0 



2i7T 1-^4- i — — 

\dx X 



A. 

dx 



\ +2s 



0 



= (x ^^)P 2 sA), 

where (xi) denotes the operator of multiplication by xi. We also set 

1 f 0 



b: = 



2in \ A. 

\ dx 






A L i 

dx ' X 



0 



(7.57) 



(7.58) 



(7.59) 



(7.60) 



(7.61) 
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this is the adjoint of Bg in (L^((0, cxo); not in the Hilbert space referred to 

in the beginning of the present proof. It is immediate that 



b:bs 



1 

47t2 



dx'^ 



(2s-i)(26-|) 

0 



dx'^ 



0 

(2s-|-^)(2s+|) 



(7.62) 



Also, setting 



(7-63) 

so that in particular M = ^ straightforward computation shows that 

9/)q 

(x) Bs-BlM{x) = / : (7.64) 



thus 

2/)s 

7T (H* + (x)) {Bs — M (x)) = 7 tH* + 7T (x^) / , (7.65) 

h' 

and (7.59) implies 

Ohq 

7T (H* Hs + (^^)) V = — V . (7.66) 

At this point, we may briefly remark that if det M had been non-negative, we 
would have been led with the help of analogous transformations to a second-order 
differential equation without any solution near infinity (the same left-hand side 
with a term — (x^), or no such term at all, instead of (x^)). It was thus no loss of 
generality to assume that det M < 0, and we now come back to the discussion of 
this case. 

Comparing (7.62) and (7.52), one sees that 



TT {Bl Bs + (x^)) 





(7.67) 



Actually, with v = {%\), the problem BgV = p ^Mxv fully reduces - formally to 
start with - to the eigenfunction equation 



^ 2bs 

Ass-i vi = —vi, 

2 



since V 2 can then be obtained as 



V2 



2ind \ dx x'^ 




(7.68) 



(7.69) 



Since 2s — | ^ as well, we discussed the equation (7.68) in L^((0, oo); dx) 

just before the statement of Proposition 7.14. It should be observed that since 
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s > |, only a solution v\ equivalent near 0 to a constant times not 

can yield a V 2 in the required space L^((0, 1); dx) near zero: it is thus, even 
when s < |, the self-adjoint extension of L 2 S-I discussed before the statement 
of Proposition 7.14 that we are indeed interested in. 

We thus get, from (7.53), 



bs = p {s n) for some n = 0, 1, . . . 
and, up to a multiplicative constant, 

which implies (using (7.69) and (7.70)) 



P 






Since (a consequence of some formulas in [31, p. 241]) 

2s I ^ ^ ^ ^ = 0 , 

one has 

V2{x) = a;2.+ f (^2ttx^) 

if n > 1, and U 2 = 0 if n = 0. Computing p~^ 6~^v^ we are done. 



(7.70) 

(7.71) 

(7.72) 

(7.73) 

(7.74) 
□ 



Remark. The Op^-version of the harmonic oscillator A, introduced in (7.51), has 
a neater structure than any of its two non-zero entries, actually just as neat as that 
of the ordinary harmonic oscillator. For its eigenfunctions can be constructed by 
the usual procedure applicable to Hermite functions: the proof of the proposition 
that follows is immediate by induction. It should be emphasized that it works 
notwithstanding the fact that Q and Pg do not generate a finite-dimensional Lie 
algebra in the case when s ^ 0. 

Proposition 7.15. Set A = 7t^ {Q-\-iPs) (the annihilation operator) and A* = 7t^ (Q — 
iPs) (the ereation operator, adjoint to the preceding one in (L^((0, cxd); dr))^). One 
has 



A = A*A-h 




= AA* 





(7.75) 



Set ^'o(r) = ) o,nd, for k>0, Then ^^*0 = 0; also 






k = 



(k -h 2s) 



, k even > 2 
, k odd 
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and 

A^k = (A: -h i + 5 ) all A: > 0 . (7.76) 

Finally 

||^2i+lf = (2i + l + s) 11^2, f, 

\\^2j+2f = {2j + 2)\\^2j+i\\\ i = 0,l,... (7.77) 

and the sequence of functions ^]]^^) constitutes an orthonormal basis of the 
space (L^((0, 00 ); c/r))^. 



8 The radial parts of relativistic wave operators 



The present section is an excursion into quantum mechanics, leading to another 
interpretation of the constructions from the last section: it is unrelated to modular 
form, or automorphic distribution, theory. 



It is a very classical fact that, when the space L^(R^) is decomposed accord- 
ing to the action of the rotation group, the Fourier transformation (that associated 
with the Euclidean structure of R^) decomposes into summands, each of which is 
related under the elementary change of coordinate s 1 -^ to the Hankel transform 
7 t(^) as defined in (7.2), with g = ( 1 V )• specifically, if r = |x|, x G R^ and 
/ is the product of a function U{r) by some harmonic homogeneous polynomial 
of degree A:, then the Fourier transform of / is V{r) times the same polynomial, 
with 



noo 

V(r) = 27 Ti-'=r^- 5 -fc / U{t)t^+^ Ji_-^^^{2Trrt)dt : (8.1) 

Jo ^ 



note that the subscript r=| — 1 + A:isan integer or half an integer according 
to whether the dimension d is even or odd. The whole representation tt = 7^r+i 
can also be interpreted as a summand in the decomposition of the part of the 
metaplectic representation on L^(R^) commuting with rotations. 

In the preceding section, we have been led to analyzing a certain realization 
of the direct sum of and in the case when p = 0, it was especially 

natural to identify the spaces Hi and Ha with the even and odd parts of L^(R). 
We now give an alternative interpretation of the direct sum of and 

in the case when p > 1, showing that the operator P as introduced in (7.13), or 
a certain linear combination of P and [P, Q ] , can be thought of as a radial part 
of a first-order system occurring in a wave equation from relativistic quantum 
mechanics. 

The analogy between the original construction of the Dirac wave equation 
and our definition of the operators P, Q is related to the fact that, in both cases, 
a “square root construction” is needed. In our case, PQ + QP and P^ were 
known before P and Q were (and, indeed, are directly related to the infinitesimal 
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operators of some pair of representations from the discrete series of S'L(2, M)). We 
very briefly recall now how the Dirac equation and, in a similar way, the Weyl 
equation (possibly for the neutrino: it describes a massless particle and has no 
invariance under the parity transform, which makes it suitable for the description 
of a particle playing a role in weak interactions) answer a square root problem: 
we shall use results and methods from Thaller’s book [50], in particular pages 125 
to 129. 

With ip — t G M, X G M^, both wave equations can be written 

{loc.cit., p. 3 and 4) as 

( 8 . 2 ) 

with an operator Hq acting only in the space coordinates x to be deflned now. 
Recall the deflnition of Pauli matrices 



<^i = (io), <72 = (°o 0> cT 3 = (jy): (8.3) 

one also introduces the vectors cr = (cri, cj2, cts) and V = 

as their “scalar product” cr.v = Then, Weyl’s equation is just (8.2) 

with the choice 

Hq = -ihc(T.\/ , (8.4) 



in other words, with dj = 

Hq = —ihc 



ds 

diTid2 



81-182 



(8.5) 



of course, h and c denote Planck’s constant and the velocity of light respectively. 
It is immediate that 

Hi = -r?c^ ° ) , (8.6) 

where A is the usual (negative !) Laplacian on R^. Thus the construction of Hq 
just answers the problem of extracting a square root of (some two-dimensional 
matrix extension of) A. We also denote as Q the operator 



0 = 



X 3 

xi + 1x2 



Xi — 1 X 2 
-Xq 



(8.7) 



a square root of the corresponding two-dimensional matrix extension of the oper- 
ator of multiplication by \x\^ . 

Rem£irks. 

1. One may observe that the operators iJg, 0^ and 

[Hi , = -4 Xjdj + 0 ( 10 ) 

= -2ihc(Ho£l + £lHo) 



( 8 . 8 ) 
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constitute a linear basis of the set of infinitesimal operators of some (re- 
ducible) unitary representation of the twofold covering of SL(2,R). 

2. Contrary to the triple {Hq , , Hq Q-\- £} Hq}^ Hq and £l do not fit within 

any finite-dimensional Lie algebra. However, under the adjoint action, the 
Lie algebra above acts on the linear space generated by Hq and £}, in view 
of the formulas 



-[Q2 , Ho] = [HoQ + QHo,Q] = ~2ihcQ . , 

[Hi ,Q] = -[Ho£l + ilHo,Ho] = -2ihc Hq : (8.9) 



these formulas are completely analogous to (7.15), which will be explained 
by Theorem 8.1. 



In the case of Dirac’s equation, four-component spinors are needed: then, 1 
denoting the 2 x 2-identity matrix and denoting also the diagonal 2x2- 

matrix the non-zero entries of which coincide with cr. v previously defined, one 
sets 



Ho = 



mc^ 1 —ihccr.vy 
ihccr.y/ ~mc^ 1 



( 8 . 10 ) 



m is a positive number, to be interpreted as the mass of the electron. It is then 
immediate that 






0 



A -h m' 



2^4 



)i 



( 8 . 11 ) 



showing, as is of course well known, that in this case too the construction of Hq 
answers a square root problem. 

We now show that, in the Weyl case, the operators which occur in the de- 
composition of the operator Hq under the rotation group (more precisely under 
its twofold covering SU{2)) are nothing but cases of the operator P introduced 
in the present section: with a slight modification, the same will do in connection 
with the Dirac equation. 

Following Thaller’s notation and methods, we introduce polar coordinates 
with x{r,0,(j)) defined by 



xi (r, 0^(j)) = r sin 0 cos (f ) , 

X 2 (r, O^cj)) = r sin 0 sin (j ) , 

X 3 (r, 0) = r cos^ , (8.12) 

and the vector = y, the unit vector in the radial direction. Then, with p = 
—ihsy and L = x Ap (the orbital angular momentum), one has [50, (4.101)] 
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this equation holds for scalar functions on or, just as well, componentwise for 
vector- valued functions. Given any two vectors A, B in C^, one has the immediate 
relation 

{a. A) {(t.B) = (A.B) lTia.{AAB), (8.14) 

so that (8.13) implies 

0 i 

—iha.sj = —ih((T.er) vr + “ {(T.er) {(t.L) : (8.15) 

or r 

thus, in Weyl’s case. 

Ho = -ic(cT.er) “ r ’ (8.16) 



the analogue of loc.cit., (4.104). It is immediate, from (8.5) and (8.7), to compute 
the commutator 

[Ho,a\ = -.(Zn + 2(T.L). (8.17) 

Next, a separation of variables is considered, embedding L^((0, oo), dr) 0 
(where S‘^ is the unit sphere) into L^(R^) via the map such that /G)^ i-^ '0, 

with 

tp{x{r,9,4>)) =r~^f{r)^{e,(f)). (8.18) 

On 5^, the usual (scalar) spherical harmonics with / = 0, 1, 2, . . . and m = 
— 1, . . . , +/, are considered: recall {loc.cit., p. 126) that, for m > 0, 



yr{o.<t>) 



2/ -hi {l-m)\ 



[ 47t (/-hm)!j 

in terms of the Legendre polynomials 



e^^^PricosO) 






dx>n+l 



(8.19) 



( 8 . 20 ) 



and that 

= ( 8 . 21 ) 

Next, one introduces, for j = |, |, . . . and mj = —j, — j + 1, . . . , +j, the two- 

component functions on S^, with 

2 



and 



3 - 



1 

2 



j_ 



^ I 

1+1 V2J+2 






( 8 . 22 ) 



(8.23) 
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(again, with Thaller’s notation). It has been shown in loc.cit., p. 127, that the 
functions are simultaneous eigenfunctions of the operators (well defined on 

(L^(/5^))^) := + cr.L + (where is the sum of squares of the 

components of jL), := -\- has /2 and cr.L + h: the eigenvalues are H times 

respectively j(j + 1), rrij and —k, where k, = —{j in the case of the function 

and = j + ^ in the case of the function . Also {loc.cit., (4.121)), 

0 2 ^ 2 



.-T.rrij iTr'^7 



(8.24) 



The Hilbert space (L^(5'^))^ thus appears as the Hilbert direct sum of the 
spaces S^j^ruj with j — ^, |, . . . and rrij — — j, . . . , where S^j^mj is the two- 

dimensional space generated by the functions Then the space (L^(M^))^ 

appears as the Hilbert direct sum of the subspaces T^((0, oo), dr)<^S^j^rnj if each of 
these spaces is identified with its image under the embedding (8.17): by means of 
the basis i } of ? the space T^((0, oo), dr)0S)j^rnj can of course be 

identified with (L^((0, oo), dr))^, which provides a realization of endomorphisms 
of this space by 2 x 2-matrices of operators on T^((0, oc), dr). 

The following theorem shows that the pair (P,Q) introduced in Definition 
7.3 is nothing but a restriction of the pair of operators 



(2'Khc) ^ Hq = 



2m 



ds 

di -hi d2 



di 



-id2 

-ds 



o = 



Xs 

Xi -h iX2 



Xi 



1X2 

■Xs 



(8.25) 



to some space in an orthogonal sequence of Hilbert spaces, all isomorphic to 
(L^((0, oo), dr))^, associated with the decomposition under the rotation group of 
a Hilbert space of solutions of the Weyl wave equation for the neutrino. 

Theorem 8.1. The restriction to the space L^((O,oo),dr) 0 i 3 j^rnj ~ (L^((0,oo),dr))^ 
of the operator Hq which occurs on the right-hand side of WeyVs equation (8.2) 
agrees with 2'Khc P, where P is the operator introduced in (7.13) corresponding 
to the value p = j \ of the integral parameter there. The operator £3 defined 
in (8.7) preserves the same space and, under the identification of this space with 
(L^((0, oc), dr))^, becomes the operator Q — (^ q) introduced in (7.13) as well. 



Proof. As an immediate consequence of (8.15), (8.24) together with the actual 
value of K as recalled above, and not forgetting that, because of the embedding 
(8.18), it is the operator ^ — 7 , acting on functions of r alone, that transfers to 
the operator ^ acting on functions on R^, one finds the equation 




0 



A 

dr 




Hq = —ihc 



1 



0 



(8.26) 
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of course, here, one has r > 0 whereas x could be positive or negative in (7.13): 
however, this is not a genuine difference since, in (7.13), we only considered vector- 
valued functions on the real line each component of which had a specified parity. 
Concerning £3, written in polar coordinates, in the original basis for spinors. 



as 



0. = r 



cosO e smO 
sinO -cos (9 



(8.27) 



one has to check the relations 

Q (/(r) <P)) =rf{r) (0, 0) 

J 2 J' 2 



and 



= r f(r)-^”^\{e,4>) . ( 8 . 28 ) 

J ' 2 J 2 

Taking (8.22), (8.23) into account, as well as (8.19), one sees that the first of these 
two relations reduces to the pair of equations 

(j — m + 1) (cos6>) — {j -f m) cosO (cosO) = sin ^ ^ (cos ^) , 

2 ^2 3 2 

cos^P^t^ (cos^) — P^t^ (cos6>) = (i + m) sin6>P’^ (cos^) (8.29) 

and the second one to the pair of equations 

(j — m + 1) cos^P^i^ (cos^) — (j + m) P’^ (cos6>) = sin^P^t^ (cos6>) , 

2 ^2 ^2 

{eos9) — eosO P^\^ {cos 9) = (j — m -f 1) sin 6>P^^ i ^ (cos6>) : (8.30) 

3 2 3 ^ 2 3 ~^ 2 

all these equations can be found in [31, p. 171]. 

For safety, one may check that 



[PM = 



2z7T 



1 + 2p 0 \ 

0 1 - 2p i 



or 



i [ 0 l-2p 



(8.31) 



in the matrix realization of operators in the space L^((0, oc), dr) - From 

(8.17), this reduces to remarking that 



cr.L h = h 



j + h 



0 



0 -U + h) 

which was indeed mentioned between (8.23) and (8.24) 



(8.32) 

□ 
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When dealing with the operator Hq taken from Dirac’s equation, the com- 
putations are slightly more complicated but are done in full in [50]. One first 
introduces the four-component functions 



^ j 5 T (i + 3 







i) 



0 



j± 



(8.33) 



note (comparing this to loc.cit., (4.111)) the disappearance of the coefficient i from 
the non-zero component of the first of these two functions. This time, as explained 
in loc.cit.^ p. 127, one must decompose (L^(5^))^ by means of the simultaneous 
consideration of the operators J^, J3 and K, the so-called spin-orbit operator. 
This introduces a family of two-dimensional subspaces (parametrized by 

j and ruj as above, together with kj = =f(j -h ^)) of (L^(5^))^, in which we take 
5 } as a basis. With the same meaning as in (8.26), one finds that, in 

the tensor product of T^((0, 00), dr) by this space, the operator Hq is represented 
by the matrix 



h 



Kj 



mc^ 






—mc^ 



(8.34) 



This can be found from loc.cit.^ (4.134), with the following two differences: we 
have not set h = 1, and there is an extra coefficient i in the vector , 1 x 

as taken there, so that (4.122) from loc.cit. must be replaced, with aj = ( a ^o\ 



by the equation 



^rn-j ^mn.Kn 



(8.35) 



With p = — Kj, a non-zero integer, one finds that this operator can also be 
written as 

2 

me 

hK,j = 2'KhcP — — — (2i7T [P, Q] — 1) (8.36) 

2hij 

with the operators P and Q as taken from (7.13): in this case, p could also be a 
negative integer, but it would then suffice to switch the two basis vectors to change 
this if so wished. 

We also introduce, this time, the operator ( ^ ^ ) and note, as an easy conse- 
quence of Theorem 8.1, that, again, it can be represented by the operator-matrix 
( [? Q ) within the space provided with the isomorphism with (L^((0,oo),(ir))^ 

associated to the basis Since, in the original four- component 

spinor representation. 




0 Q 
Q 0 



I (3/H- 2cr.T) 2mc^Q 
—2mc‘^Q j (3H-\-2cr.L) 



(8.37) 



as follows from (8.17), one may check that the matrix representation, within 
Rrrij^Kj^ of this commutator is the matrix 



he 

i 



l + 2p 
0 



0 

1 -2p 



-f me 




0 2r 
-2r 0 
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one may thus verify that, indeed, this is the same as the bracket 

r 9 1 

me 

2irficPT — {2m [P, Q] - 1) , Q 

L 

computed within the algebra generated by the operators P and Q in Proposi- 
tion 7.4. 



We finally consider Dirac’s equation for the electron subjected to an attractive 
Coulomb potential: the operator Hq in ( 8 . 10 ) must be replaced by 

H = Ho + ^, (8.38) 

r 

with 7 < 0. We set 

a:=-^: (8.39) 

he 

in the case of the Coulomb problem associated with the hydrogen atom, one has 

2 

7 = — 4 ^ 7 ^, where e is the charge of the electron and is the fundamental unit 
so denoted, so that a is in this case the fine structure constant, a dimensionless 
constant - ^3^. 

The same additional term ^ then arises in the radial components of the oper- 
ator under study, so that, from (8.34), one ends up with the problem of computing 
the eigenvalues and eigenfunctions in (L^(( 0 , exo), dr))^ of the new operator 



h 



K 






(8.40) 



Taking when necessary the conjugate under the matrix (iJ)? i^ 
generality to assume that Av < 0, which we do from now on. 

Following (with slight modifications) the computations in [50, p. 209], one is 
led to introducing, with 

s = \/ hP — ^ (8-41) 



the matrix 



A: = 



s — K —ia 
ia s — n 



(8.42) 



which diagonalizes the matrix ( ? q ) ( ^ ~ ( -ia -n ) ’ where the sec- 

ond matrix on the left-hand side arose as the coefficient of 4 in h^. Of course, 
this requires that one should have a < |k|, and we assume the stronger inequality 

^ < \J ~ is certainly satisfied in the case of the equation modelling the 

hydrogen atom, since n is a non-zero integer, and it implies that s > |. Following 
the trick in loe.cit.^ one is led to computing 






(|: 






A. 

dr 

—me? 



(8.43) 
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with w = Au^ the eigenvalue equation — E)w — 0 takes the more pleasant 
form 



me" 



{fr + ?) 



{fr - ?) 



u — — 



E g 



Z 7 

he 



u , 



or 



with 



27rhcPsU = Nu , 



N 



__ ^—mc^ ^ ^ ^ \/a^ + 

0 mc^ 



—la 



\ iOL \Ja^ + 5 ^ 



note that 



det N = — m^c 



2^4 



Setting M — {'kHc) ^ we have to solve the equation 



(8.44) 

(8.45) 

(8.46) 

(8.47) 



PsU = - Mu 
2 



in (L^((0, oo);dr)Y: we may thus apply Proposition 7.14, with 



.2^4 



-E‘^ 



-1 



/i = 



{nhcY 



and b = 



Eas 
Tihc 



(8.48) 



finding in particular that the set of eigenvalues of is the sequence (^n)n=o,i,... 
with En> ^ and — E‘^ = getting the well-known fact [50, p. 214] 

that 



mcP‘{s -h n) 
P{sP nY 



(8.49) 



as a result. 

The spectral decomposition of the energy operator occurring in the equation 
of the relativistic hydrogen atom is of course well known: we only deemed it worth- 
while to emphasize its link with the study of the operator P^, showing also that 
the analysis of the radial parts of the problem reduces to that of the Op^-version 
of the harmonic oscillator. 



9 The higher-level Weyl calculi 

One of several ways to characterize the Weyl calculus is by the property that it 
sends the symbol (x,^) g227r(aa:+60 to the operator exp 2m {ax -h ^ ^). We 

extend this to a definition of the Op^-calculus. 
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Definition 9.1. Given a function h on the (symplectic) Fourier transform T h 
of which lies in one defines 

Op'P{h) = [ (T h){y, vj) exp (2i7r {r]Q - yP)) dy dy , (9.1) 

./R2 

with P and Q as introduced in (7.11). 

We must first give the operator exp (2i7r (ryQ — yP)) a meaning for every 
(y, rj) G in other words define a self-adjoint realization of the operator rjQ — yP: 
since, obviously, the operator Q (of multiplication by x) is essentially self-adjoint 
in L^(R) when initially defined on «Sp(R), the same goes for all operators yQ — yP. 
For, on one hand. Theorem 7.9 shows that all p-metaplectic unitaries preserve the 
space Sp(M); on the other hand, each operator rjQ — yP is the image of Q under 
the adjoint action of such a unitary. Then all operators exp {2m {rjQ—yP)) are well 
defined unitary operators in L^(R), so that Op^(/i) is well defined as a bounded 
linear operator in this space. 

Theorem 9.2. The -calculus is covariant under the action of the p-metapleetic 
representation, i.e., given h with Ph £ L^(R^) and a metaplectic unitary U, one 
has 

UOpP{h) U~^ - Op^(/i o 6{U)-^) , (9.2) 

where 0{U) G /5L(2,R) has been defined in (7.41). 

Proof. Since U {—yP + yQ) U~^ = —y'P + y'Q with = ^(^) ( ^ )? 
with {y',y') and {y,y) linked by this relation, 

UOpP{h)U~^ = [ (Ph){y,y) exp {2m {y' Q - y' P)) dy dy 

= [ {{Ph) o9{U~^)){y,y) exp{2in{yQ -yP))dydy : (9.3) 

JR2 

since P commutes with the linear action of S'L(2,R) in R^, we are done. □ 

In particular, even symbols give rise to operators which send even {resp. odd) 
functions to functions with the same parity. 

Theorem 9.3. Given h satisfying the hypotheses of Definition 9.1, and z G II, one 
has 
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and 



I OpP(h) uP+^) = [ (^ h){y, rj) 



^ {y,v)^ exp (- ^^2lrn^^ ^ ^ dydy, (9.5) 



where we have used Pochhammer’s symbols again. 



Proof. Let us first compute {u^\e‘^'^^ ^ u^) . With C{p) = y ' ^ : p; y j , one has, as 
a consequence of (6.13), 

= {C{p)f (^Im 






f 

£=1 J—OO 



g-2^t='lm (-i)g2i7rei^^ 



(C(p)y (Im (-- 



[±_dy\ 



2p 



2Im - 



\ 2i7T ds ) 
1 



£=1 



exp 



Tie" 



2Im (-i) 



(9.6) 



Now, given any point (y, p) G M^\{0}, choose a p-metaplectic unitary U with 
pQ — yP — U QU~^, and set o{u) = (c d) ^ SL(2,R). Then (Theorem 7.12), for 
some a; G C, |a;| = 1, depending only on z and p, one has U~~^ 

-cz + a 

and one can write 

(„P|e2*7r(^Q-3/P)yP) ^ fp 



I ^2i7T Q p 

dz-b 1 ^ ^ dz-b 



= {C{p)f Im 



cz — a 
dz — b 



cz-\-a 

P 



cz-^a 

P 



47 t ^ de‘^ ) 



/ 7T£^ 

e=l i ' ( “^Wlif)_ 



(9.7) 



Since, as a consequence of Theorem 7.10, one has (^) = (c d) ( i )’ ^ = V 

and d = p^ this leads to 



{ul\Op^{h)uD = 



[ i^h){y,p) 

JR^ 



(27r)^7T2 / Im z 

r(p + i) 

47 t ^ de‘^ ) 



e=l 



exp ( — Tre^ ) I (^-®) 
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To finish the proof, we need a lemma. 

Lemma 9.4. 



/ 



e~yiv^W) X {y^+r]yP = {2n)-P{iTr£)j,{e-i^y"+^i"y). 

(9.9) 



Proof. Applying Rodrigues’ formula relative to Hermite polynomials [31, p. 252], 
one can write the left-hand side as 

+ • (9.10) 



Connecting this to generalized Laguerre functions (/oc.czi., p. 250), this can also 
be written as 

{27r)-Pp\e-Vv^+P^) {^{y^ + y^)) . (9.11) 

Noting that inS ~ ^(y^+^^ + 1) acts on functions of t = f as 
-h we see that the lemma reduces to the assertion that 



d f d 3 

+ - it h - 

dt 2 \ dt 2 






d 

dt 



it). (9.12) 



By induction, we thus have to show that 



1 



^(-i) 









(9.13) 



This is a consequence of the two relations 



d r(-|) 






2 , 



(9.14) 



{p + 1) 4;f ^ 4 - ~ ■ 0 ^^p-^ 

to be found in (/oc.d4,p. 241). 

End of the proof of Theorem 9.3. Applying the lemma to (9.8), we get 



(9.15) 

□ 



{uP\OpP{h)uP) = f^ f (fh){y,y)^fPp-({y,y)i-^e ^ dy rfr? , 

\2)p \2iP ^ 

(9.16) 

from which (9.4) follows, using the covariance Theorem 9.2. The formula (9.5) (in 
which p-h 1 has been substituted for p) follows just the same lines, since Theorem 
7.12 applies to both cases. □ 
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Corollary 9.5. Assume that p is even. If h E satisfying the hypotheses of 

Definition 9.1, is an even function on then Op^{h) coineides with opP{h) (as 
introduced in Definition ft. 2) on (tS^(E))even; ctnd Op^{h) coincides with opP~^^{h) 
on (<SP(R))odd (= (SP+\R)Ud)- 



Proof. Since 



^ {y^ V) ^ exp - 7 T 



\ y-yz\^ 

2lm z 



(x,^) = 2 exp ( - 27 t ) (9.17) 



Im z 



and T {i7rS)p = {—i7r£)p, one can write (9.4) as 



(-iTTS)f 



«|Op^(/z)<)= [ 

JR2 (^2 



2 )^ 

= f h{x,^)C^^f}p.w{u:„u^){x,^)dxd^ 

\2)p 

JR2 



. 2 exp I — 27t 



k - 

Im z 



dx d^ 



(9.18) 



where we have used (2.27) and ( 6 . 21 ). Since both Op^(/i) and op^(/i) act continu- 
ously from (5^ (E)) even to ^Len(^)’ agree on each function they coincide 
on (<S^(E))even according to Proposition 7.13; the same goes with the odd-odd 
part. □ 



Remarks. Though possibly somewhat disconcerting, it would be fully correct to 
simultaneously set 

W^{u'^, u^) = wig^(u'^, u'^) and = wig^“^^(iif“^^, 

The Op^-calculus, restricted to even symbols, contains both the op^-calculus and 
the op^“^^ -calculus. 

Starting from (6.16), one sees after some formal manipulations that an even 
function h on E^ can be uniquely rebuilt from the pair of (respectively E^- 
invariant and Ep+i -invariant) functions 

hP-. = h and hP+^: = D^p±L h ( 9 .I 9 ) 

as 

h = (—i7r£)~^ [{p — inE) — {p ire £) . (9.20) 

This can be meaningful, for instance in the case when h'^ and both lying 

in Lg^gj^(E^), are such that A = 0 does not lie in the support of the spectral 
decomposition of the sum on the right-hand side of (9.20). In this case. Theorem 
6.1 (the proof of which has not been reproduced here, and goes back to [56] together 
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with [62, Section 17]) shows that the square of the norm of Op^(/i) as a Hilbert- 
Schmidt operator in L^(R) is ||h^||^2(£2) It is only when p = 0 

that this reduces to ||/i|||2(£2) (since Eq = ^ and Ei = —G)- 

To develop the Op^-calculus further, we need to make exp 2 z 7 t {rjQ — yP) 
explicit for almost all (y, 77), taking advantage of Theorem 7.10. To provide for our 
needs in the present work, however, it suffices to consider only even symbols h, 
which calls for making only cos 2i^{r]Q — yP) explicit rather than the exponential: 
this simplifies matters greatly, though the sine part can also be analyzed (using 
Legendre functions Qn of tfio second kind, involving logarithms unless p = 0). 

In our case, only Legendre polynomials Pn (n = 0, 1, ... ) will have to be 
used. Recall for instance [31, p. 232] Rodrigues’ formula 

1 

Pn{x) = : — [{X^ - 1)^] . (9.21) 

The domain on which Legendre polynomials naturally live as a sequence of or- 
thogonal polynomials is the interval [—1,1]. 

Theorem 9.6. Assume that p is even > 2. Let h be an even function on sat- 
isfying the assumption of Definition 9.1 and assume that the function y~^ (p^ + 
Ph = y~^ {flmE)Th lies in L^(E^) too. Then, for every u G (<Sp(E))even; 
Op^(/i) is given by the equation 



{OpP{h)u){x)= [ {P{i'KSh)){y,p) 

JR2 



dy dp 



/ 

J \x 









y 

zPl 



^p-1 



x^ PP — y^ 
2xt 



u{t) dt , (9.22) 



and if u ^ (^p(]^))odd; the same formula works after one has changed the subscript 
p — 1 of the Legendre polynomial to p. 



Proof If ?7 / 0, set f3 = and start from the equation 

exp 2i7T {pQ - yP) = e^^^P^ ^ (9.23) 

a consequence of (7.30); recall that 0{e~~'^^hP‘^^ — (J^).If /3 > 0, the operator 
^-iTTpp'^ is given, on the even or odd subspace, by the formula (7.19) for Ur with 
(a^) = (J^): recall that the value of r corresponding to the even {resp. odd) 
subspace is r = p — ^ {resp. p+ |). The operator cos 2ttpQ preserves each of the 
two subspaces: its effect is to multiply a function of s by cos27t? 7S. We may thus 
set 

cos 27 t {pQ — yP) = e^'^hP cos{2ttpQ) e~'^^hP 

~ V 0 AP-^i J 



(9.24) 
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(according to the decomposition Sp{R) = (<Sp(R))even 0 (‘^p(l^))odd), with the 
formula, valid for x > 0, 



{A^u){x) = 



1‘ 



poo 

/ (xs)i 

Jo 

f 



Jr 



( 2txxs\ 

\.~W) 



ds 



(st) 2 cos(27rr/s) e^'^ ^ Jr 



u{t)dt : (9.25) 



this formula is also valid if /? < 0 since the two factors cancel out. 

Now 2'ks cos(27t?7s) = ^ sin(27r775), and the operator ^ relative to the pair 
of coordinates (/? = — ^, 77) is the same as the operator (7/^ 
to the coordinates {y.rf). 

On the other hand, the integral 




(9.26) 



(semi-convergent unless t = \x Jl y\) can be found in [31, p. 426]: its value is, if 
^ \ 1 



T > — 



2’ 



47t (xt)^ 2 V ‘^■Xt ) V 2xi ) 

= (^-^^^'^xchf,r{\x-\y\\<t<x+\y\). (9.27) 

Thus, for 7x of a given parity (related to r in the above-mentioned way), and 
X > 0, one has 



(OpP(/i)u)(x) = ^ / [Th){y,r]) 

2^ Jm? y 




This leads to Theorem 9.6 after it has been observed that y [y^ y-^) {y .) — 

y~^ {2m S) has the operator —{2m£) {y~^ .) as a transpose, and that —mET — 
mTE. 

The proof is over but, for one’s peace of mind, one may check that in the 
case of the odd-odd part of the Weyl calculus {p = 0, Pr-\ — 1)? 
correct formula: this can be done, letting the operator (^^ + ^^) remain 
on the same side as in (9.28). The same works, provided one does not appeal to a 
non-existent polynomial P_i, with the even-even part of the Weyl calculus, after 
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one has computed the elementary case 
that it is 



J_ \y\ 

Stt (xi)5 77 



T = — ^ of the integral (9.26), and found 
sign (1^1 + eix + S 2 t ) . (9.29) 



□ 



Contrary to the Weyl calculus, the Op^-calculus does not benefit, when p ^ 
0, from the Heisenberg covariance, which entails a few differences. In particular, 
the space <S.(M^), to be defined now, is better adapted to the new situation than 
<S(R^). It is defined as the space of all functions h = h{y,r]) G C°®(M^\{0}), all 
derivatives of which are rapidly decreasing as |^| + 1^1 — > oc, and which have 
the following behaviour at zero: for every pair (<a, /?) of non- negative integers, and 
every polynomial P{y, rf) homogeneous of degree a-f/3, the function P{y, rj) dyd^ h 
extends as a continuous function on M?. The space <S.(1R^) has a natural Frechet 
topology, and we denote as 5'(R^) its topological dual, a subspace of <S'(R^). 

Proposition 9.7. The definition 9.1 of Op^(/i) extends to the case when h is an 
even tempered distribution with Ph G (<S'(R^))even; defining a weakly continuous 
linear operator from «Sp(R) to the dual space of <Sp(R). 

Proof Since, under the assumptions of Definition 9.1, one has, for u and v G 

<Sp(R), 

(i;| Op^(h)ii) = [ {Ph){y,T]){v\ exp2i7r{r]Q -yP)u)dydrj, (9.30) 

one has to show that the function V{y,p) (the Fourier transform of the Op^- 
concept of Wigner function) defined as 



{V (u, u)){y, T]) = (vl exp 2i7r (j]Q - yP) u) (9.31) 

lies in 5 (R^)- Obviously, the function V{v^u) is continous and bounded. One has 



{yfr+ = {yQ - yP) , 

V oy drjJ 



and from the equation (c/. Theorem 7.10) 



exp 2 i 7 T {rjQ — yP) = e g227r?7Q ^ p 



(9.32) 



(9.33) 



valid if ry 0, we get 



J_ g2i7T (? 7 Q-iyP) _ _p2 {rjQ-yP) ^2iTv {yQ-yP) p2 

m dy 



(9.34) 



In view of (7.36), there is a similar formula which permits us to express the y 
derivative of exp (2i7r {pQ - yP))^ Finally, [ 9 ^ 7 ?/^] = 9 ^ ~ ^ so that for 
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every operator D in the linear space generated by one can 

express (DV){y,p) as a linear combination (the coefficients of which are polyno- 
mials in y^rj) of expressions {Av | exp (2i7r {pQ — yP)) Bu)^ where A and B are 
operators in the algebra generated by P and Q (thus acting as endomorphisms of 
Sp(R)). Then the same holds when substituting for D any element in the algebra 
generated by the four first-order differential operators above. 

What remains to be shown is that, given v and u G <Sp(R), the function 
V{v^ u){y^ p) is rapidly decreasing as \y\ -h \p\ oo. To do this, we use the explicit 
formula for V{v,u) provided by Theorem 9.6 (compare (9.30) and (9.22)). Since 
the operator U been taken care of by (9.32), this amounts to showing 

that the integral 



2xt 



X char {\x 



<t<x-\-\ 



)dxdt (9.35) 



is rapidly decaying to zero as |^| -h |r/| cxo. This is clear as y oo since on the 
support of the integrand, either x or t is no smaller than ^\y\; to arrive at the 
same conclusion when |7y| ^ oo, the easiest way is to use (7.36) again. □ 



For instance, since the first Definition (3.1) of the Eisenstein distribution 
is actually that of a measure^ it is clear that lies in the space (<S'(R^))even 
when Re u < —1. This still holds when Re < 0, u ^ according to (3.25), 
but not in general. 

For our purposes in the present paper, however, it is much more convenient to 
be satisfied with the following “minimal” definition (c/. remark following Proposi- 
tion 6.3) of an operator Op^(h): as a weakly continuous operator from the linear 
space algebraically generated by the sets of functions rtf and 2^ G II, to the 

algebraic dual of this space. For, then. Theorem 9.3, together with a “sesquiholo- 
morphic” argument (c/. what follows Proposition 6.3) gives Op^(/i) a meaning 
whenever h G <S'(R^). Observe from (9.18) that if h is homogeneous of degree 
— 1 — 2j for some j = 0, l,...,p — 1, i.e., {i7r£)ph = 0, then Op^(h) = 0: in 
particular Sh = 0 implies Op^(h) = 0 for every p > 1. 

In particular, ii h = h{x) with h G <S'^gj^(R), the operator Op^{h) is simply 
the operator of multiplications by h. This is well known in the case of the Weyl 
calculus; on the other hand, a formal argument, starting from (9.1), is immediate. 
However, a more careful proof will at the same time provide us with a formula 
which will be useful later. Using the decomposition (2.13) of a Wigner function 
into its homogeneous parts, one sees that it is sufficient to examine the case when 
h itself is homogeneous, or only that when h(x, ^) = \x\~^~^ with Re < 0, in 
which case Op{h) is just the operator that multiplies a function of x by 
for, as a tempered distribution, \x\~^~^ depends on u in a holomorphic way in 
the set defined by z/ ^ 0, 2, 
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To begin with, one has for every z gH and p > 0, 



K1 |a;| ^ "'uD = " ( Im 

r(p+ 2) 



P+^ pOO 



W L 



>2p-l-i. ^-2nxHm 



(2tt) 2 -1^ — d I Im ( — - 

^ ^ r(p+|) V V 2 



z±l 

2 



(9.36) 



When p = 0^ i.e., in the case of the Weyl calculus, this of course coincides with 
the scalar product {uz \ Op(\x\~^~^)uz)^ 

Then, (6.21) and Theorem 9.3 (or Corollary 9.5) yield 



/(mt£)p 

\ (i)p 



X 



1 - 1 / 



W{u,, 




(-l)p 

(Dp 



{2n)^ 



r(-f) 

r(D 



Im 




(9.37) 



and it suffices to compare (9.36) to (9.37): the same can be done with the functions 
instead of the functions izf . 

We finally give a rather explicit, if in inductive form, connection of the Op^- 
calculus to the Weyl calculus. It is essential, at this point, to consider simultane- 
ously even and odd values of p: we thus call functions of the parity related to p 
the functions on M which are even {resp. odd) according to whether p is. Note 
that, when changing the parity of p, nothing is changed to the fact that, at least 
for the time being, only even symbols on are considered. 

One may rewrite Theorem 9.6 as follows: if p > 1, u € Sp{R) has the parity 
related to p and x > 0, one has 



pOO 

{Op^{h)u){x) = 2 / (.F^^(z7r^h)) 

Jo 



L 



x^ — t^ 

2y y 

\xVy\ 



\x-y\ 



^p-1 



y 

^2 _ y2 

2xt 



u{t) dt , (9.38) 



where denotes the inverse Fourier transform with respect to the second vari- 
able; if G Sp{R) has the other parity, the formula remains true after one has 
replaced p by p -(- 1 on the right-hand side. 
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Lemma 9.8. If h e (<S'(M^))even is homogeneous of degree —1 — u, |Re u\ < 1, one 
has for x > 0^ 

{OpP{h)u){x) = (-0^ ^ i47TXt)i \x^ - 

( |^2 ^^2| ) (9.39) 

if u E Sp(R.) has the parity related to p; if u has the other parity, the formula 
remains true provided one changes p to p-\- 1 on the right-hand side. 



X -Et 2 
X — t 



Proof. Actually, the integral should not be considered as giving a pointwise value of 
Op^ {h)u, rather (after it has been extended to x < 0 by parity) a weak definition 
in Sp{R): the same remains valid in the computations which follow. 

One has iir £h — h, and 



1 , — C \ V x — t 1 ,. 

(•^2 V "" ~2 ~~y 

so that, for u with the parity related to p and x > 0, 
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where, thanks to [31, p. 92], the value of the integral is 



this proves the lemma. 






VIA 



t^\ 



(9.46) 

□ 



Remark. Though the case when p = 0 (the even-even part of the Weyl calculus) 
has been excluded from our computations (since we have used Theorem 9.6, which 
does not apply in this case), the result of Lemma 9.8 is valid nevertheless, since 
[31, p. 172] 






-h 






= (47TXt) 2 2 



X — t 


u 

2 

+ 


xPt 


V ~ 

2 


X -\-t 


x — t 





also, since h is homogeneous of degree — 1 — z/, one has 
\x + t 



X — t 






,x — t = (T<i ^h) 



,x + t 



(9.47) 



(9.48) 



Now, on the whole real line, (J^j x — t) is the well-known integral kernel 

of Op(/i). 

The same verification (thongh, this time, it is not really necessary) wonld 
work with the odd-odd part of the Weyl calculus, using (loc.cit.) 









f2| 



= {wxt) 2 \x‘‘ 



X -\-t 


2 


X A t 


u “ 
2 


x — t 




x — t 





(9.49) 



Theorem 9.9. Assume that p > \, and let h satisfy the same assumptions as in 
Lemma 9.8. On functions u G <Sp(R) with the parity related to p, Op^{h)u is the 
same as Op^~^{h)u. On functions with the other parity, one has 



OpP{h)u = 

+ 



OpP-\h)i 



1-P+f 

p+f 

^ " I [xOpP-\h){x-^u) + x~^ OpP~\h){xu) ] . 



P + 



(9.50) 



Proof. That Op^(/i) and Op^~^{h) agree as operators acting on functions with 
the parity related to p is a consequence of Corollary 9.5, which works just as well 
when p — 1 is odd (with the usual switch of the two terms in the decomposition 
of <Sp_i(M)). Assume now that p > 2, and that u has the parity contrary to that 
related to p. We start from Lemma 9.8, using [31, p. 165] 









x^ -h 
— 1‘^\ 



X^ -h 



+ (1 - 2p) 



2xt 



x^ + 1^ 



■f2| 



, (9.51) 
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so that, for x > 0, recalling from the proof of Lemma 9.8 that the computations 
which follow must be considered as valid in the weak sense in 



{OpP{h)u){x) = ^ ^ (A) [ - t^\ " 

p -f- 2 ^ ^ ^ p-1 Jo 



X -ft 



X — t 



VIA 






i ^2 ( -4^, a: - t ) u{t)dt 



+ 



2p 



P + 






X -ft 



X — t 



yt-P I X^ + t^ \ , fx + t 



VIA 



|x^ — 



i^Ph) 



, X — t ) u(t) dt . 



(9.52) 



Paying much attention to the parity of functions involved, we end up with the 
formula (9.50). 

A slightly different proof is required for the part of the Op^ -calculus dealing 
with even functions. This time, we use the identity (loc.cit.) 



x^ -h 



|x2_^2| 1^2 __ ^2| 



= {iTXt) 2|x^_^2|2 



(Z. + 2)-! 



X At 



X — t 






X At 






x-t\ J 



X At 


-—1 
2 ^ 


X At 


-f+i\ ■ 


X — t 




X — t 


j. 



the proof is quite similar, but we must also use (9.48) again. 



(9.53) 

□ 



Corollary 9.10. Let h he an even tempered distribution with fFh G <S'(M^). Then, 
for every integer p>l, the operator Op^{h) defined according to Proposition 9.7 
agrees on functions the parity of which is unrelated to p with the operator 



(x) Op^ 



P-i ( 



p — iirS 



h] (x ) -f (x ) Op^ 






2p- 1 

p — iirS 



/i (x) 






p — in S 

It agrees with Op^“^(h) on functions the parity of which is related to p. 
Proof. We first observe that the operator {p — in 8)~^ , defined on L^(R^) by 

/ oo 

h{tx, t^) dt , 



(9.54) 



(9.55) 
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sends the space defined just before Proposition 9.7 to itself; since the 

transpose {p iir E)~^ oi — is the same as the conjugate of {p — i7rS)~^ 

under T, the operator {p — iir 8)~^ is also well defined as an endomorphism of the 
space of even tempered distributions h such that ?Fh G Formula (9.54) is 

essentially, then, a rephrasing of (9.50), after a decomposition of functions in the 
space vS.(M^) into their homogeneous components has taken place. □ 

Remark. It must be emphasized that Corollary 9.10 does not provide a link be- 
tween the Op^-symbol and symbols of lower level of the same operator: in other 
words, there is no simple formula for the Weyl symbol of an operator such as 
(x) Op(h) (x“^). This explains why, in Section 12, it will not be an easy task to 
extend our results on the Weyl sharp product of two power functions in Section 
11 to the analogous question in the Op^-calculus. 



10 Ceui one compose two automorphic operators? 

In this section, we indicate why it is not possible to compose, in the usual sense, 
two operators the Weyl symbols of which are Eisenstein distributions or cusp- 
distributions; but that one can do so if one substitutes for the Weyl calculus 
the Op^-calculus, for some number p > 2. If one is satisfied with a minimal 
definition of such a product (this concept is introduced just after Proposition 6.3 
and recalled between (9.35) and (9.36)), the condition p > 1 suffices. Actually, in 
Definition 13.2, we shall show how a rather indirect definition makes it possible to 
finally work with the Weyl (p = 0) case. The Op^-calculus, however, seems to be 
unavoidable (Theorem 10.7) if one wishes to compose a number N > 3 ol operators 
with homogeneous automorphic symbols: as mentioned in the introduction, this 
has some bearing on the question of associativity for the partially defined sharp 
operation on automorphic symbols. 

Consider the distribution {n 0) defined as 

{K^h) = \n\^j (Tph) (f,t^ dt, ( 10 . 1 ) 

in other words 

= ( 10 . 2 ) 

It occurs in the Fourier series decomposition (3.25) of the Eisenstein distribution 
^5,, also in that (4.4) of any cusp-distribution. We are interested in it as a con- 
stituent of a F-invariant distribution, so it is just as well to consider instead the 
distribution 

< = ( 10 - 3 ) 



i.e., 



a;;(x,0 = \n\^ 



(10.4) 
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We want to compute Op^(a^) by an application of Theorem 9.6, thus starting with 
the elementary observation that . Let us point out that, in the present 

section, we have to deal with symbols in not in Nevertheless, they 

give rise, in the Op^-calculus, to operators at least in the minimal sense: we can 
still use Lemma 9.8 for the computations, as an easy continuity argument shows. 

We first compute the Weyl operator Op(aJ^) = Op^(aJ^), using (9.1): since (a 
remembrance from Heisenberg’s representation) 

^exp 2 z 7 t (x) = u(x — y) 2 )^ ^ (10.5) 

we find, if Re ly > 0, 

{Op{a'^)u){x) — |n |“2 f \y\^~^ u{x — y) 2 ~ y ) dydy ( 10 . 6 ) 

(this is of course meant in the sense that the result has to be tested against a 
function of x in the space tS(R)). Now the equation f ^ = x is solvable 

only if x^ > 2n and, if > 2 n, it has two solutions y = x ± \/x^ — 2 n; also, 
^2 _ 2 n = ±2yVx^^ — 2 n and | ^ | = = ~ Cx^ 2 n ' yields the result, after 

complex continuation has been used: 

Proposition 10.1. For every n 7 ^ 0, G C, and u G 5(R), Op{a^)u is a function, 
given as 



(Op(aJ^)rt)(x) = \n\ 2 char(x^ > 2n) (x^ — 2n) 2 
u ^—\/x^ — 2n^ 



' + Vx^ — 2n 



+ 



— \/^ 



2n 



j u ^\/x2 — 2n^ 



(10.7) 



This explains why we cannot use the Weyl calculus in any direct way in our 

present investigations. For, if n > 0 and u G «S(R) does not vanish at zero, the 
function Op(aJ:^)ifc will never lie in L^(R), because of the factor (x^ — 2 n)~ 2 : it 
just fails. This absolutely prevents us from giving a meaning to a product like 
Op(^n\) Op(^n 2 ) 722 > 0 ^ud Ui < 0, uot eveu in the minimal sense, which 

would call (starting from the observation that the adjoint of Op(aJ^) is Op(a^^)) 
for giving at least 

(U;,| Op(a^\) Op(a^"J u,) = (Op(a::'„ J | Op(a;;|) Uz) (10.8) 

a meaning for all 2 :: note that we have not even come, yet, to the problem of 
summing with respect to n, which in this case of course makes things even worse. 

The most salient features of the operators Op(aJ:^) in (10.7) or Op^(aJ^) to 
be analyzed presently, are easily explained in relation to the following lemma. 
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Lemma 10.2. Given p g]0, 1[, define the following two Hilbert spaces of measures: 



f oo 

Llfen = S M ^ a„ 6(x- ^/2{p + m?j + 5 (x + y^2{p + m)J 



and 



m=0 

II" 

1 1/9, even 



oo 



: = 22 ^(p + to)2 < 



OO 



(10.9) 



^odd = <U = ^ am V2(p-hm)^ - (5 + y/2{p-\-m)^ : 



00 



m=0 

oo 

l|w||p,odd: = 25 ^(p + TO)i |om |2 < 

0 ) 

Then L^(E) can be written as the Hilbert direct integral 

L\R)=e Ai^eVene^o^d)^/>* 

Jo 



( 10 . 10 ) 



Proof. Split u G 



'*'P,even 



( 10 . 11 ) 

into its even and odd parts i^even and Uodd- Defining 
and lip, odd as the sums within the right-hand sides of (10.9) and (10.10), 

setting Om = ^even(v(g(pj;^) ^ using in the second one the 

^y2(pd-m) 

same formula with liodd substituted for lieven, it suffices to verify the formulas 

U — I lip, even dp “h / lip, odd dp , 

Jo Jo 

ll^lP “ [ [ II even II p,even + II odd II p,odd ] dp • (10.12) 

do 

□ 



Now, consider the commutative subgroup C = {e (I i) ;c e Z, £ = ±l}of 
T: recall that the p-metaplectic unitaries above ( J ? ) are the two transformations 
li 1 -^ j_g^7rcx transformations above ( "^^ ) are u i-^ zbiii, 

since the transformations above (_?io) are di (a consequence of 

(7.8), (7.33), (7.34)). However, it is simpler (so as not to have to use any two- fold 
cover) to use on C the modified representation which agrees with the metaplectic 
representation on elements ( J ? ) and simplifies on the element ( “q^ ) to the 

unitary transform u ^ u. The Hilbert space decomposition referred to in Lemma 
10.2 is none other than the decomposition associated with the set of characters of 
C, i.e., with pairs (±1, p), where p is a real number mod 1: indeed, on 
the transformation u ^ ^ ^^^g ^^^g multiplication by and the 
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transform u u of course acts on each of the two spaces in the last sum as 



parity ^ 



As shown by (10.4), ^ when c G Z: the covariance of the 

Op^-calculus under the p-metaplectic representation thus shows that the operator 
Op^(aJ^) must commute with the decomposition referred to in Lemma 10.2. 



Theorem 10.3. Let be given by (10.4), with |Re u\ < 1 and n G Z^. For every 
even p> 0, and u G (<Sp(R))even; one has 



(Op^(a^)u)(x) 







^ j char(a:^ > 2n) 

\ 2 / p 




(10.13) 



and, if u e {Sp{R))odd, the same formula holds after one has changed p to p + 1 
on the right-hand side and inserted the factor signx. 



Proof We apply Lemma 9.8, with 



{rpc 



x + t 



n \ 2 



X -\-t 
2 



-u-l 

5 



X — t — 



2n 

X -ft 



(10.14) 



Now the equation t -h = x is solvable if and only if x‘^ > 2n, and its non- 
negative solution is t = \/x^ — 2n, Also, 



dt 

d{x-t- Ip.) 



X + y/x^ — 2n 
2 - 2n 



(10.15) 



This immediately leads to the sought-after result. 



□ 



We prepare for the analysis of Op^(€j,) by the remark that, since is in- 
variant under the linear action of the matrix (? "^^ ) ^ L, (3.25) may be rewritten, 
if z/ / —1, 0, 1, 2, ... , as 

/ OO poo 

\t\-^-'^{J^ph){t,0)dt + Cil-i') / \t\-’' h{0,t)dt 

-OO J — OO 

+ (10.16) 

nyo 

in other words 

+c(i - p)5{x) icr*" 

+ XI 0-uix,0 ■ (10.17) 



In Theorem 10.3, we computed the operator A^\ = Op^(aJ^). We now com- 
pute the operator corresponding to the second exceptional term. 
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Proposition 10.4. Assume that |Re < 1, u 0 and that p is even. The operator 
Aq’. = Op^((5(x) |^|~^) is given as follows: on even functions lying in it 

coincides with the operator 



U 1-^ Cp{v) \x\^ ^ u 


(10.18) 


with 




m) (iv 


(10.19) 


on odd functions, it coincides with the operator 




u ^ Cp+i(z/) u 


(10.20) 



where Cp+i(z/) is obtained by substituting p 1 for p in Cp{y). 



Proof. It is easily found that 

g(6{x) . ( 10 . 21 ) 

Recall from what immediately follows (6.22) that, on even functions, an operator 
Op^(/i) coincides with Op^(Ep/i) with Dp = The same goes for odd 

functions after Dp+i has been substituted for Dp. Proposition 10.4 thus follows 
from the fact, proved just in (9.36)-(9.37), that if h depends only on x, the 
operator Op^{h) is the operator of multiplication by the function h. □ 

Because of Proposition 10.4, the first two terms on the right-hand side of 
(10.17) are quite obvious to deal with: the first one yields, under Op^, a bounded 
operator from <Sp(R) to L^(R) provided Re z/ < p — and the second one does 
the same if Re z/ > | — p. Under the condition |Re z/| < p — one sees also that 
each of the first two terms on the right-hand side of (10.17) yields, under Op^, a 
bounded operator from L^(R) to <Sp(R) since, as a consequence of (10.1) together 
with the fact that the operators exp (2i7r {pQ — yP)) are unitary, the adjoint of an 
operator Op^{h) is Op^(^), just as in the Weyl calculus. 

The image, under Op^, of the series on the right-hand side of (10.17), though 
of course more difficult to analyze, actually behaves better in a way. 

To prepare for the proof of a precise result, we need a certain estimate ((10.27) 
below) which goes more than half-way towards the proof of a certain version of 
Cotlar’s lemma, all the practitioners of pseudodifferential analysis will find essen- 
tially familiar: this lemma, proven by Cotlar [14] and shown in the same paper to 
be relevant for the study of such operators as the Hilbert transform, seems to have 
been first applied towards the study of general pseudodifferential operators in the 
paper [9] of Calderon-Vaillancourt. Note, however, that our present version (which 
we used to teach ten years ago, but never properly published) is both stronger 
and easier to prove than the more familiar one (c/. remark below): this is why we 
cannot resist adding the few extra lines from (10.27) to (10.28) so as to complete 
the proof. 
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Lemma 10.5. Let H he a Hilbert space, and (^n)n>i cl sequence of hounded linear 
operators on H . Set 



ki{n,m) = II |^„|2 l^ml^ II 



and 



fc2(n,m) = II |a;|2 |^;;,|2 II, (10.22) 



where \B \ : = (^* 5)2 for every bounded operator B. Assume that there exist two 
constants (7i > 0 and C 2 > 0 such that, with j = 1, 2, 



Y,kj{n,m)\zr,\ \w ml ^ Cj 

n,m 









(10.23) 



for all sequences of numbers {zn)n>i ctnd {wm)m>i’ Then the operator A defined, 
in the weak sense on H, as A = is hounded on H, and satisfies the 

estimate ||74|| < {CiC 2 )^ • 



Proof We use the so-called polar decomposition B = of any bounded linear 
operator B [41], where /7 is a partial isometry: it is characterized by the given 
relation on the closure of the image of |5| and the fact that it vanishes on Ker \B\. 
One then easily sees (taking the square) that \B* \ = U \ B\U* . As a consequence, 
one finds, for any pair u,v oi vectors in H, that 

|(HSn)|<|||B|iul||||B*|it;|l : (10-24) 

indeed, 

|(^; I Bu)\ = Rz;, U\B\u)\ < || \B\iu || || \B\iu% || ; (10.25) 

also, 

II \B\W*V IR = {v I U\B\U*v) = (v I \B*\v) = II \B*\h |R . (10.26) 

Thus, for every n, 



|(u I Anu)\ < y^(u I |^„|m) y^(u I |^;|u) 



n 



n 



n 



(10.27) 
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this reduces the problem to the case when An = for all n, a positive semi- 
definite operator, in which one may then conclude by 

II 11^ = ^{AmU I AnU) 

n,m 

= (A^AmA?nU I A^U^ 

n,m 

< ^ ki{n, m) II A?nU || || Alu |1 

n,m 

<c,j2\\Auf 
= Cl ^ I A'fl'ti) 

n 

= Cl (u, Au) 

< Cl II Au II II II II . (10.28) 

□ 

Remark. In the usual Cotlar’s lemma, instead of the kernels k\ (n, m) and /c 2 (n, m), 
one has to deal with ki{n^m) — A: 2 (n,m) = HA^^rnll^. The 

preceding lemma is stronger since on one hand 

II |^n|5 |A„|i f = II |A„|i |A„| |^„|5 II , (10.29) 

and an application of Hadamard’s three line theorem (which can be found in many 
places, for instance as Theorem XII. 1.3 in [73]) to the function 

F{z) = (u I |A^|i+^ |.4,| l^r.1^-" ^) (10.30) 

permits us to prove that 

II l^mh l^ril l^mh II — II l^ri| |^m| || • (10.31) 

with partial isometries Un and Um such that l^d^l = UnAn and \Am\ — |^m|* = 
one also gets 

II |A„m„||| = ||c/„^„^:;,[/4ll 

<IMn^™ll, (10.32) 



which justifies this remark. 

Lemma 10.5 will not really be needed here: only the fact (a consequence of 
(10.27)) that the two conditions Yj II l^n| || < oo and II l^nl II < ^ sufficient 
to ensure the weak convergence of the series ^ An . 
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Theorem 10.6. Consider, for £ > 0; the Hilbert space H = L^(E, (1 + dx) = 
on R: Xr^(l -\- x‘^Y \u{x)\^ dx < oo}. Consider the operator 

^ = ^ (10.33) 

n^O 

the Op^ -symbol of which is the sum of the series on the right-hand side o/ (10.17) 
(from which the first two terms have been excluded). If p > 2, and |Re z/| < 
min(l,p— |)^ the operator is well defined, in the weak sense, as a bounded operator 
from H to provided that s > 1 \Ke iy\ . In particular, in the case of the 

Eisenstein distribution A G R; this works as soon as p > 2, and e only has to 
be > 1. If m] is an arbitrary cusp- distribution, as defined by the series (4.4)^ one 
can define in the same way the operator Op^(OT^ ) as a bounded operator from H 
to L^(R) as soon as p >3 and £ > this result could be improved to p >2 and 
e > 1 if the non-holomorphic Ramanujan- Peters son conjecture had been proved. 

Proof. Forgetting the constant {i.e., independent of x and n) coefficients on the 
right-hand side of (10.13) (one may then assume that z/ / 0 if p > 1), set 



{Bf^u){x) = \n\ 2 char(x^ > 2n) 

(- 34 ) 

where u has the parity related to p, and x > 0; the case when the parity of u is 
opposed to that of p works even better (with the same proof), and we shall not 
worry about it. After a change of variable x i-^ 2n, it is immediate that 

the adjoint (BY)* of Bf^ in L^(R) is given as 

(10.35) 



The two transformations x Vx^ + 2n and x h-> Yx"^ — 2n destroy each other in 
the product B^^ Bf^, and \Bff\ = {B^^ reduces to the operator of multipli- 

cation by the function 



n 



I 2 char (x^ > —2n) 






i~p 



n 



(10.36) 



Recall from [31, p. 153] that 



r 




s — 1 
5+1 



2P1 



1 + z/ 



1 - z/ 
2 



1 1 




2 



2 



(10.37) 
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When s — and > — 2n, one has s > 1 and < 0: recall that the 

hypergeometric function is well defined and on ] — oc, 1[. When 1 < s < 2, 
we simply write 

|??hl(s)| < ^(s - 1)2-1 . (10.38) 

2 

For 5 > 2, we use the “linear transformation” of the hypergeometric function [31, 
p. 48] (recalling that |Re z/| < 1, ^ 0) 



I — nl I — s 
2 1 ( 2 ’ 2 ’ 2 2 



^ T{l+p)T{±u) ^ flTJy . 2 

T^/ 1 +/yX in/ 2F1 [ _ ,P =F r. 5 1 T , 



r(^)F(p±f) V 2 ’^”^2’ ’IH-S 



(10.39) 



to get the estimate 



|?3iJl(s)| <C(l + s)— 7 - 



(10.40) 



We are actually asserting that the operator A will be bounded not as an 
operator in L^(M), but as an operator from L^(M, (1 + x^Y dx) to I/^(R) for 
suitable e > 0. This amounts to a claim concerning the operator A (1 + x^)~ 2 as 
an operator in L^(M). We thus set 






(10.41) 



so that \C^\ is the operator of multiplication by the function 



fn,u{F): = \n\ 2 char (x"^ > — 2n) (1 + x^) 2 



i_„ x"+n 



(10.42) 



and \{CY)*\ is the operator of multiplication by the function 



X i-> |n| 2 char (x^ > 2n) (1 + x^ — 2n) 2 



i-p f x‘^-n 
^ \ \n\ 



(10.43) 



Since both operators |C^1 and [(C'^)*! are multiplication operators, finding 
their operator-norms is a trivial task: as is easily seen, all we have to do is to 
consider the supremum of the function on the right-hand side of (10.42) in the 
case when n > 1. It is no loss of generality either, diminishing e if needed, to 
assume that 



|Re i/\^-l<e<p~-. 

From our preceding review of the hypergeometric function. 



(10.44) 



fnAx) <Cn 2 (l+x ) M — 

\ n 



(10.45) 
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if ^ < 1, and 

n — ’ 



^ I Re IV I — 1 

<Cn~yi+xyi ^1 + ^^ (10.46) 

if ^ > 1- In view of our assumption that |Re u\ < p — the estimate (10.45), 
together with 



ly I Re ly I 

|n|“2 0 -^(|n|) = 0(|n| 2 log|n|), |n| oc, (10.47) 

is sufficient in the case when \x\ < 1; if \x\ > 1 but ^ < 1, we multiply the 
right-hand side of (10.45) by getting the estimate 



fuA^)<Cn^ , (10.48) 

sufficient for our purposes thanks to (10.47), as a result. Finally, if ^ > 1, we 

multiply the right-hand side of (10.46) by (^) ^ and find (10.48) again. 

This concludes the proof of the part of Theorem 10.6 dealing with the operators 
associated to the Eisenstein distributions. 

In the case of a cusp-distribution 971^ in the place of the Eisenstein distribu- 
tion, there are only two changes: first, the two exceptional terms from the analogue 
of (10.17) are absent (c/. (4.4)); next, the coefficient \n\~^ (Jjy{\n\) has to be re- 
placed by the coefficient hn from the Fourier series decomposition of . Now, it 
is no loss of generality to assume that Mj is a Maass-Hecke eigenform, in which 
case, while waiting for a proof of the non-holomorphic Ramanujan conjecture, one 
can be satisfied with the inequality \hn\ < C\nA^^^ proved by Selberg [43], as 
quoted in [48, p. 220]. □ 



As soon as an operator Op^(©), where 0 E <S'^gjj(M^), acts from Sp(M) to 
L^(M), the operator Op^(0) acts from L^(M) to (M). Theorem 10.6 thus gives a 
meaning, as an operator from Sp{R) to Sp{R), to a product Op{hi) Op(/i 2 ) where 
p> 2 and each hj is an Eisenstein distribution with |Re z/| < 1, or when p > 3 
and each hj is a cusp-distribution or an Eisenstein distribution. 

The Op^-calculus not only makes it possible to compose two operators with 
homogeneous automorphic symbols: it even permits taking the composition of any 
given number of such operators, provided that p is large enough. To see this, 
introduce for e > 0, (5 > 0 the space 



— L^(M, \x\ ^^(1 -f- xA dx ) . 



(10.49) 
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Theorem 10.7. Let (s,S) and {s' ^6^) satisfy for some a <1 the following set of 
inequalities: 



S — S' > a (e — — ( 5 ^ — > a + 1, 

P>^-S, p > i + <5', 

3 3 

p > s' — S' a + p>S — s-\-a-\-~. (10.50) 

Let be any homogeneous automorphic distribution, the Fourier coeffieients of 
which satisfy the estimates \bn\ < C|n|t for n ^ 0: any a > |Re n\ will do in 
the case when = (Bl, and any <^ > | will do in the case of a cusp- distribution. 
Then the operator Op^(3[)l^^) is bounded as a linear operator from H^ s to 



Proof. Before we give it, observe that given any pair {s', S'), one can find (^, (5) 
and p such that all the inequalities (10.50) are satisfied: this proves our assertion 
concerning the possibility to compose any number of operators with homogeneous 
automorphic symbols in the appropriate Op^-calculus. 

Instead of the operator in (10.41), we now have to consider the operator 



= \x\^{x‘^ + 2n)~^ (1 + x^)“2 x‘^ F 2n)^ char(a:^ > —2n) . (10.51) 

Then \Dff\ is the operator of multiplication by the function 



9n,y{x) = |n| 2 char(x^ > —2n) 



X \x\^{x^ + 2n)~ 



{lFx^)~^{lPx^ F2nY' 






-l-v 



, (10.52) 



and |(DJ^)*1 is obtained in the same way, substituting —n for n and the pairs 
{—s', —S') and {—s, —S) for ( 5 :,^) and {s' , S') respectively: this substitution leaves 
the set of inequalities (10.50) invariant. Also, the case when n < — 1 reduces by a 
change of variables to that when n > 1: using (10.38) and (10.40) as 

I^pfe(s)| <C'(s-l)?-qs + l)-§+“-i, (10.53) 



we find 



9n,u{x) < Cn 2 |xp(x^ + 2n) 2 (1 -f x^) {1 F x^ F 2n) 2 



2n 



n 



P I |R-e 1 

2 ' 2 4 



(10.54) 
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When \x\ < 1, since ^ + p — ^ > 0, this is less than C n 



Z + - 



so that 



^ n? sup|^|<i gn,u{x) < °° (10.55) 

n>l 



under the assumptions made. When \x\ > 1, 



9n,i/{x)<Cn ' 2 \x‘^) 2+2 4 ( x ^ + 2 n )^2 



e'-8' , |Re u\-p 



If the exponent of is >0, this is 



<Cn '^2 ''' + 2n) 
< Cn 2 



-8')-{e~5) |Re i.\-l 
2 2 



(10.56) 



(10.57) 



and the same holds in the case of a cusp-distribution in which we must 
substitute iXj for v. If, on the contrary, p < ^ + e — 5, one has 

5n,i/(a;) < Cn' 2 ’’-i, (10.58) 

In both cases, 

ffn,u(x) < oo . (10.59) 

n>l 

The assumption S — S' > |Re z/| + 1 is needed only in the case of an Eisenstein 
distribution where, in conjunction with the inequality (e — J) — (s' — S') > |Re — 1, 
a stronger version of which has already been assumed, it lets the two exceptional 
terms, which are (Proposition 10.4) the multiplication operators by act 

from He ^6 to He'^S'- □ 



11 The sharp product of two power-functions: 
the Weyl case 

In this section and the next one, as a preparation for the composition formula of 

Section 17, we examine a sharp product \x\ ^ ^ where # of course 

denote the sharp product in the Op^-analysis, characterized by the formula 

Op^(/ll#/l2) = Op^(/Zl)Op^(/l2). 

It is sometimes convenient to analyze separately the commutator and anticommu- 
tator part and, in a corresponding way, to make use, on II, of the Poisson bracket 
of two functions together with their pointwise product. 
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Definition 11.1. Given two even symbols hi and / 12 , such that the product, in any 
order, of Op^(hi) and Op^(/i 2 ) makes sense, we set 



hi#^h2 

3 



1 

2 



1 

2 



hi#h2 + 

P P 

h\^h2 ^2^h\ 



if j = 0 , 



if j = 1 



( 11 . 1 ) 



when dealing with the Weyl calculus (the p = Q case), we shall usually drop the 
superscript p. Given any two functions /i, /2 S C'°°(II), we set 



/l X /2 = 
3 



/1/2 ifi = 0 , 



where the “Poisson bracket” is defined, with z = x -\-iy^ as 



{/i,/2}; =y^ 



dy dx dx dy J 



( 11 . 2 ) 



(11.3) 



We need to briefiy refresh the reader’s memory on the spectral decomposition 
of the (non-automorphic) Laplace-Beltrami operator A on II. 

As a consequence of spherical representation theory, if / G (7^(11), one may 
write (Mehler’s formula) 



with 

f\{z) = {cosh d{z,w))dfi{w), (11.5) 

where ^_i_,_iA is the usual Legendre function, d stands for the geodesic distance 

on n, and the numerical factor on the right-hand side of (11.4) is in terms 

of Harish-Chandra’s c-function. One may note the formula 



7tA , 7tA 
— tanh — = 7T 
2 2 




r(G^) 

r(^) 



( 11 . 6 ) 



Let Hi\ be the completion of the space of all f\ (/ G C^(II)) under the 
norm defined by 



IIMIk = 

JUxU 



iA (cosh d{z^ w)) dy{z) d/a{w) 



(11.7) 
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Then ^ 

Il/lli2(n) = WfxWn^x ( Y t) 

and since 

Ah = ^{l+X^)h, (11.9) 

(11,4) and (11.8) express the decomposition of T^(II) as a Hilbert direct integral 
of eigenspaces of A. 

One way to prove (11.4)-(11,5) without harmonic analysis - but with the 
help of a few special function formulas - is based on the Stieltjes-Stone-Kodaira- 
Titschmarsh theorem [41] or [48, p. Ill], which gives the spectral density (when it 
exists) 



relative to the spectral decomposition 

7 = J dEp, j pdEp (11-11) 

of some self-adjoint operator T: in our case, T = A, acting on the Hilbert space 
L^(H), so that the dp-integral only takes place on [|, oo[ and we may set p — ■; 

we are more interested, actually, in ^ ^ i+a^ = f ~ Ihe 

resolvant of A, i.e., the operator (A — )~^, is given if Re z/ < 0 as 

^ /) W = (cosh 42 ,w))dM(w;) (11.12) 



in terms of some Legendre function: a proof of this can be found, for instance, in 
[29], or [48, p. 270] or [62, p. 206], If A > 0 and u = —0 ± zA, one has = 

zb iO, so that the integral kernel of at p = is given as 

with 6{z^w) = coshd(z,ic). One can conclude with the help of the equation 

1 



1 1 
2z7T 27T L 



(11.13) 



r(f)r(-f) 47 t2 






47T^Z 



Q-i-ixiS) -!l1_i+ia{S) 



A 

X - 
2 



(11.14) 



to be found in [31, p. 164], 
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One should be careful to notice that, in the spectral decomposition of a 
function / on 11, the subscript A in f\ always satisfies A > 0, and points towards 
the (generalized) eigenvalue of A. On the other hand (c/. (2.13), (2.14)), on 
(even) functions h on R^, the subscript A in h\ can be any real number, and 
points towards the (generalized) eigenvalue — ^ of corresponding to functions 
homogeneous of degree —1 — iX. 

Recall from (9.37) the formula 



(11.15) 



{u^\Op{\x\ ^)u^) = 2 2 7T2r(^-- 



u ^ 0,2, We need to extend (11.5) as a definition for some more general 

functions /, built from analogues of (11.15), not even square-integrable in general. 
Even though i_^iA is an even function of A, we shall always, for clarity (so that 
it should be clear that we are dealing with a spectral decomposition on II, not 
R^), assume that A > 0 in f\. 

Lemma 11.2. Let £i and £2 satisfy £ 1+^2 > —1, — ^ 2 ! < 1; let a 

continuous function f on U satisfy 



\m\ < c 



(Im z)- 



(11.16) 



|/(z)|<C|Re^| 



(11.17) 



for some constant C > 0. Then, for every A > 0, one may define f\{z) by (11.5), 
where the integral is convergent. 



Proof. According to the decomposition of 



i_f.lA(t) = 2F1 



1 + iA 1 — iA ^ 1 — t 



(11.18) 



provided by the first two lines of [31, p.48], one sees, remembering that the hy- 
pergeometric series takes the value 1 at the origin, that 



|^^_i+iA(t)| < Ct~^, t-^oo. 



(11.19) 



|^_ 1 + iA (coshd(z, ic))! < C {cosh d{z , w)) 2 

d(i , 2 : ) 1 

< C e^~ (coshd(i, u;))~ 2 

_ fl-\- (Im u;)^ + (Re w)‘^ 

V 2lmw 



( 11 . 20 ) 




no 
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If (11.16) is satisfied, we thus have to bound the integral 



4- y 

y 



2 \ 



L 

: / sin^^^?-^ 6>d(9 [ 
Jo Jo 



£2 + 1 



,2 \ - 2 



y 



dx dy 



g^-ei-l 9 n_1 , 

r 2 [1 r ) ^ dr . 



( 11 . 21 ) 



When (11.17) is satisfied, there is an extra factor ^ 2^~2 , which is less than 1. □ 

We shall begin our analysis of a product Op'^{\x\~^~'^^) Op^(|^|~^~^^) by the 
Weyl {p — 0) case. This case is much easier in view of the second (the first, histor- 
ically !) covariance property of this calculus, to wit that related to the Heisenberg 
representation. Indeed, recall that the Weyl calculus is related in an easy way to 
the standard, or convolution-first, calculus, the definition of which is given by 



{Op,,^{h)u){x) = J h{x,Ou{y)e^^^^--y^^dyd^, « e <S(R). (11.22) 

It is immediate that both operators Op{h) and Opg^^(/i) can be defined, whenever 
h G «S'(M^), as linear operators from «S(M) to 5'(M). Also, as is well known (c/. e.g. 
[52, p.l5]), the standard symbol / and the Weyl symbol g of the same operator 
are linked by the formula 



or 

(+i5)(?7,0 = (+i/) (»?+ - I) , (11-24) 

where denotes the Fourier transformation with respect to the first variable, 
defined as {J^ig){p, 0 ~ f 0 dx. The easiest way to check this formula 

is to check, from (11.22) and (2.1), that (with u = Tu) 



and 



T{Opih)u){y) = I (Tif) u{0 - (H-25) 

Defining the product of two operators Op(hi) Op(h 2 ) is always possible when 
the two symbols lie in <S'(M^) and are such that the first one (as a function of 
x,^) depends only on x, and the second only on for, in this case, one may 
take Schwartz’s space Om [42, p. 99] as an intermediary space (one would take 
Oq if one were interested in the product in the reverse order). Moreover, in this 




11. The sharp product of two power-functions: the Weyl case 



111 



case, the standard symbol of the product of operators above coincides with the 
pointwise product of the two symbols, and (11.24) makes it possible to compute 
the Weyl symbol of the product as well: this is the method we shall use presently. 
More generally, we shall say that a symbol h is polarized if it depends only on 
some (non-zero) linear combination ax + 6 ^ of x and Two polarized symbols 
are transver sally polarized if the linear forms they depend on are linearly indepen- 
dent: in this case, the two associated operators can be composed in a meaningful 
way, since the conjugation by some metaplectic transformation (recall that all 
metaplectic transformations preserve the space <S(]R) as well as its dual) reduces 
the problem to the particular situation of a pair of symbols the first of which de- 
pends only on x, the second only on ^ (the intermediary space, however, is not 
preserved). One may recall (2.5) at this point. 

The next theorem is a special case of Lemma 5.1 in [62]. We take this oppor- 
tunity to give a few more details about the proof, the previous version of which 
made use of semi-convergent only integrals. We first set 



\t\p. = 1^1“ (sign(t))^, a G C, j = 0, 1 . (11.26) 

As a matter of fact, in view of our investigations with automorphic distributions, 
it would be sufficient to consider only sharp products of non-signed powers, i.e., of 
the kind \x\~^~'^'^ . However, the consideration of the more general case 

will be unavoidable in the induction procedure to be carried in the next section 
in relation to the Op^-calculus. Before stating the theorem, let us recall that 
X ^ \x\^^~^ is well defined as a tempered distribution, depending holomorphically 
on z/, for z/ 7 ^ /t, /c + 2 , 



Theorem 11.3. Let k = 0 or 1, and let and U 2 he complex numbers with 

|Re (z/i - z/ 2 )l < 1, Re (z/i + 1 ^ 2 ) > -I, and 7 ^ A;, /c -h 2, . . . , z /2 ^ k,k-\-2, 

For j = 0 or 1, and A G M, set 



Cj{ui,n2;k;iX) = 2 



i^l+zv 2 — iA — 5 VI 



r( i^i+fc+i )r( !:^ 2± | +i) 



X z- 



j+k-2jk 



r(^ 






)r(J 






tC- 



l — ui-\-U2—iX-\-2j l~i^i — 2jfc) 



)r(J 



4 -) 

(11.27) 



Let hi{x,e — l^lfc^ o,nd h2{x,C) = ^ Then one has, in the weak sense 

in <5'(E^), 

/ CXD 

hxdX, (11.28) 

-00 

with 



h\{x,0 



^ Cj{ni,V2-,k;iX)\x\j 
1 = 0,1 



'l-f-i^2~*A — 1 + ivj^ — 1^2 — * A 

l^ll ^ 



(11.29) 
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Proof. The claim is that, for every function W G one has 

/ oo 

{hx,W)dX. (11.30) 

-OO 

Using the estimate [31, p. 13] 

|r(a: + iy)| -- (27 t) 5 |y|^oo, (11.31) 

we first remark that the coefficient |Cj(z/i, z/ 2 ; k; zA)| is majorized by some constant 
times ( 1 ^ 1 + 1 ^ 2 )^ Since 



d . d 



— — l-fi^i— 1^2— 



1^1; 



— 1 — +1^2 — iA —l-\-v>-[—U2—iX. 

= (-l-iA)|x|,^ ^ l^i; ^ , (11.32) 



ij 

the right-hand side of (11.30) can also be written for any positive integer N as 



/ oo 

Cj{iyi,iy2',k',iX) {1 + iXy^ dX 

-OO -_n 1 



^ J=0,1 



— l — ui+U2—i>^ — —U2 — i 



leir 



d . d 



N 



w 



(11.33) 



a convergent integral under the assumptions made on W and z^i , U 2 . On the other 
hand, as a consequence of (11.23), 

ih#h,.W) = (|x|— ,r— ,exp(-j-^) w) , (11.34) 



a holomorphic function of z^i, U 2 in the domain indicated. This makes it possible 
to assume, without loss of generality, that — 1 — Re z /2 < Re ui < Re 1/2 < 0. 
Under this condition, one may write, using (11.24), 



(/11#/|2)(X,0 =(-*)" + i 



P 1^1 +l + fc 



I 

) 




^2i7Txr] 



\v\7 



as was done in [62], (5.28), as well as 




— 1 — 1/2 

dri, 

k 



(11.35) 



1 f^ 

(hi#h2)x{s) = -^ {hi#h2){rs,r)dr 

/ OO nO 

H'kdr^ / 

-OO ^0 






/o 

n 



1 ^ 1 +i+fe 



^iX ^2inrsri 



I-1-1/2 



dr , 



(11.36) 
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as written in loc.cit., (5.30). To improve the convergence still, one may write 

{hi#h2){x,^) =lime^o(,hi#h2Y{x,^) , (11.37) 

with 

{hi#h2Y{x, C) = {hi#h2){x, . (11.38) 

Substituting (hi#h 2 )^ for one is led to inserting the extra factor 

under the last integral on the right-hand side of (11.36): then one is dealing with 
a genuinely convergent double integral, and the rest of the proof of Lemma 5.1 in 
[62] goes without change. □ 



Reading the rather technical rest of this section is not necessary for the 
sequel. The main interest of Theorem 11.4 is to show why, when coupled with 
spectral decomposition, the bilinear operations # are so closely related to the 

3 

pointwise product and Poisson bracket on II. A similar phenomenon will show 
up in Section 17. Theorem 11.4 and its corollary are also necessary if one tries 
to repair the heuristic proof, given in Section 5, of our main formula: we have 
chosen a different path, in Sections 13 to 15, but the one not expounded would be 
needed if one wanted to treat the case of two Eisenstein factors and with 
Re vi > 1, Re V 2 > 1* 

Theorem 11.4. Set 

= (u, 1 Op(|x|-i-^^)u,) X (u, I Op(|er'-^^)u,) . (11.39) 

3 

Assume that |Re (z/i ± z^ 2 )| < 1, 7 ^ 0, z /2 7 ^ 0. Then^ for all z one has 



(tx^|0p(|x| 1 1 ‘'^)u^)=TT^J2i-iy [ 

3=0 



r(i^)r(i^) 



p ^ 1 ~ — ^2 -\-iX-\-2j ^ jp ^ 1 — ^ p ^ —iX-\-2j ^ p ^ l+^'i+^'2+^A+2j ^ 



(/r")i,i <iA, 



(11.40) 



where the operation indicated by the last subscript |A| is defined according to 
Lemma 11.2, i.e., by equation (11.5). 
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On the other hand, 






^ r(i^)r(i^)r(i^)r(iJp) f°° 



j=0 



r(i±iA)r(i^) 



l+i^i — 1^2 — ^A+2.7 l+?/i+i^2— '^A+2.7 l+i^i +^^ 2 +^A +27 ^ 

(/r’"^)iA|rfA. 



(11.41) 

Substituting u\ for Uz on the left-hand side, one has in both cases a similar 
identity after one has plugged the extra factor —iX on the right-hand side. 



Proof. With Cj{ui,U 2 ]h',iX) as defined in (11.27), and h\{x,^) = |x|^ 
h 2 {x,ff) — 1 one has, according to Theorem 11.3, 

(w^|Op((/Ii#/12)a)Wz) = 53 

i=o,i 



- 1 -u-i 



where 



— I — Vl -\-U2—iX — 1 + t^i —U2—iX 



(11.42) 



(11.43) 



From (2.3) and (2.27), 



r 

y 1,1^2 



;UW = 2 / 

JM? 



— l + — ia 2 — i A 



I^L- 



exp 



27T 
Im 2 : 



\x — zf\^ ) dxdf^ 



(11.44) 



Setting 5 = I G M, r = > 0, so that x = 

2 {iA) \x - we get 



^ = dxd^ 

(1 + s2)2’^ (1+s2)2 ’ 



IsL^ ^ 



, -1+iA _ / 1 — zA 

= 2(27t)-^ r 



poo 

(1 -h 5^) ^ ds / r 

Jo 

L 



exp 



Im 2 : 



2'n:r\z — Sf 
(Im z) (1 + s‘^) 

l+iX 



dr 



“ ... 



(11.45) 



On the other hand, the case p = 0 from (9.37) gives (uz\Op{hi)uz): in view 
of (7.48), J^Uz agrees with u_i up to some constant of modulus one, so that, from 
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the covariance formula (2.4), 

= {u_i |Op(|x|“^“‘'")u_i). 



One thus has 



^ / z/i 



/o"-'^^(^) = 2(27T)^r r 



(Im 



(11.46) 



(11.47) 



and, as a small computation involving the use of the Poisson bracket (11.3) shows, 

= -l(27r)^(l + ^i)(l + r.2)r(-^)r(-^) (Rez)|z|-"^“'(Im zY~^^ . 

(11.48) 

We may then compute and by an application of (11.5), 

in which we have substituted for the Legendre function (coshd(^, re)) its 

integral expression 



(coshd( 2 ;, rc)) = — / 

^ ^ J — oo 

proved in [62, (4.38)]. We thus get 



(/o"‘'^)iA|(^)=2"^^7T^-^r(-^)r 



Iz — sP\ ^/lu; — sP\ ^ 



ds (11.49) 



|w| ^(Imw) 2 (^(;) 



|z-s|2N-i + f /U_s|2\-3-f 



(11.50) 



We integrate first with respect to ic, picking from [62], (8.22) the formula 



\ ^ /|w-sp\ ^ ^ 1 , \ '^^1 I 

(Im w) 2 daiw) = — s = 

/ \ Im re / 2 

1 + 1^1— 1^2 +7A l + t^l+t^2— 1 — 1^1 +1^2 +^A 1 + 1/1+1^2+^A j 

-r^/ 1 4-1/1 \T-\/ 1 -1-7. A \-n/ 1 4-1/0 \ ’ (11.51) 



r(^)r(i^)P(i^) 



SO that 



1 4-1^2-^ / l/\ 



{fYn\xy) = 2^^ r r - 



p^ 1-j-t/l — L/2+^A ^P^ l-(-l/i-f-l/2— ^P^ 1 — 1/1+1/2+^A ^P^ 1 + 1^1 +1^2 +^A > 



p(i^)r(i^)r(i^) 



-l-i/Tbt/2-iA \Z — S 



^ 1 _l_ iA 

12 \ -2 + -^ 



— OO 
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The computation of calls for that of the integral 



L 



(Re w) 



— — 3 



\w • 



^Im icy \ Im w 

instead of that on the right-hand side of (11.50). Writing 

-U1 -3 

|2 



1 

(Im w) 2 dg{w) 



(Re w) 



wl 



Im w 



1 



1^1 + 1 



(Im w) 



d 



dKe w V Im w 



w 



and using an integration by parts, so as to finally substitute — ^ for , one 

can see that this integral is 

3+t/i-t^2+^A 3+^1 +1^2— 3- 1/1 +1/2 A 3+t^i+t^2+^A ^ 

1 r(^)r(i^)r(2:^) 

Thus (z) has an expression fully similar to the right-hand side of (11.52), 

except that each of the four Gamma factors jias to be replaced by 

Pj'3±i>i±i^2±iA^^ and there is an extra factor — sign(s) in the integrand. 

Setting, for A G M, 



(/r’‘'^)|A|(^) = (11.53) 

a definition of the first factor on the right-hand side, we thus have, comparing 
(11.45) and (11.52), 



^l+U2-iX-5 ui+U2-iX-4 T( — ^)T( — -^ ) 



5j(z/i, z^2; ^A) ( 1)-^ 2 - /. - p^ i+i^i jp^ 1+1/2 ^ 

p^ l-\-ui—U2-\-iXy2j ^p^ 1+1/1+1^2— ^A+2 j ^p^ 1 — i/i+t/2+^A+2j ^p^ l+t^i +i/2+^A+2.7' ^ 

r(iyA)r(i2^ 



In view of (11.42), we thus have 

(u^|Op((/ii#/i2)a)w^) = T (/?’’'")|A| (^) 

and, using (11.27) and (11.54), we immediately get 



(11.54) 



(11.55) 



Cj{iyi,y2-,k;iX) ^ ^2 
Bj{vi,V2\iX) 



X 



r(^)r( 

p^ l — vi-iy2+iW2j ^pj- 1 -i/i-|-i/2-^A+2.7 



1 — iX 



) 



/ V z / 

^p^ 1 + 1^1 —1^2 + ^p^ 1 + ^1 +1^2 + ^ 



which proves (11.40). 
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When changing k from 0 to 1, the change in the left-hand side (from (11.40) 
to (11.41)) is due to the change in the coefficient Cj{ui^U 2 \k]iX) from (11.27). 
There is an extra factor of 

l — ui ^ 1 — V2 ^ 1+^1 ^ 1+^2 ^ l+^^i+t^2— ^A+2 — 2.7 ^ l — v'\—U2+iX+2j ^ 

p^ 2+1/1 ^ p^ 2+1^2 ^ p^ ^^ ) h( ^ 2 ) ^ ^ pj- l-i^i-i/2+iA+2-2j ^p^ l+i/i+t/2-iA+2j ^ 

(11.57) 

Observing that one of the four Gamma factors below is not the same in the right- 
hand sides of (11.40) and (11.41), we see that, going from the right-hand side of 
(11.40) to that of (11.41), there is an extra factor of 

p^ l — ux ^ p^ I — V 2 ^ p^ 1+^1 ^ p^ 1+^2 ^ p^ 3+t^i+i^2— ^A— 2.7 j p^ 1 — — iy2+^A+2.7 ^ 

^ p^ 2+t/i ^ p^ 2 + 1/2 p^ iq ^ p^ 3-1/1 -i/ 2+^A-2.7 ^ ^ pj- 1 +i/i+i^2-^A+2.7 ^ 

(11.58) 

The expressions (11.57) and (11.58) agree, which concludes the proof of the part 
of Theorem 11.4 dealing with the functions Uz> 

When substituting the functions ul for the functions Uz^ one can see, using 
(2.27) and (2.28), that all one has to do is to replace the factor exp(— — z^P) 
from the integrand of (11.44) by its image under the operator —2i7rS: one can 

— 1-1^14-1^2—^-^ — l + i^l— 1 ^ 2 — 

also, instead, let the operator 2i7rE act on \x\j ^ \^\j ^ , ending 

up with the extra factor —iX. □ 



, ending 
□ 



Corollary 11.5. The formulas (11.40) and (11.41) still hold if we substitute for the 
assumptions |Re {ni ± 1 ^ 2 ) \ < 1, / 0, U 2 / 0, the assumptions 



|Re (z/i - V 2 )\ < 1, Re (ui -h 1 ^ 2 ) > -1 



(11.59) 



together with ui ^ A:, A: + 2, . . . , i ^2 ^ A:, A: -f 2, . . . where k has the value 0 or 1 
according to whether we are dealing with the formula (11.40) or (11.41). 

Proof As a distribution- valued function, the map ui i-> is holomorphic 

for Ul ^ A:, A: + 2, Thus, the left-hand side of (11.40) or (11.41) is, for fixed 

z G n, a holomorphic function of z/i, U 2 in the indicated domain. So as to simplify 
notation, we consider only the case when A; = 0 from now on, as there is no longer 
any difference between the two cases. In view of (9.37), nothing is changed in the 
computation of /q^’^^(z), fi^'^‘^{z) which led to (11.47) and (11.48). Getting rid 
of the factors which depend only on i/i, U 2 , which are all holomorphic, we see that 
all that has to be done is to show that the integral 



r(^)r(^) 



p^ l+^A-^/l-^/2+A? ^p^ l-2A-t/iH-^^2i-A7 ^p^ l-zA+t/i ~^2+A7 ^p^ i+2A+i/i +t^2+A7 ^ 



dX / _^ix {cosh d{z,w)) f{w) dp{w) , (11.60) 

Ju ^ ^ 
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meant as a superposition of integrals (integrating with respect to dp.{w) first), 
converges and depends on z/i, 1^2 in a holomorphic way, in the case when / = 
or / = with 






{z - Z) 2 



and 



= {z + z) (zz)'^ (z - . (11.61) 

Now, the convergence of the integral over II on the right-hand side of (11.60) is just 
a consequence of Lemma 11.2, and it remains to take care of the dA-integration 
as well. In view of (11.31), whenever z/i, U 2 lies within a compact subset of the 
domain under consideration, one has for some constant C the estimate 

r(hfciA)r(i^) 

— 1^2+2^ 1 — iX—i'i -|-^'2+2j l-l-zA+t/i -^U2~\-2j ^ 

^^(H-IAI)^-^^'. (11.62) 

On the other hand, an elementary, if tedious, computation, shows (writing A = 
{z — z)^^ is a linear combination of ^ 1 ^ 1 + 2 , z/ 2 + 2 ^ 

that is a linear combination of 1 / 2+2 

/|A| = +'/)|A| > (11-63) 

the dA-integration is taken care of as well. □ 



12 Beyond the symplectic group 

The main aim of this section is to extend Theorem 11.3, the composition of the 
(Weyl) sharp product of two power functions, to the Op^-calculus. A crucial tool 
for this lies in the understanding of a link between the operators Op^(d) and 
Op^(2i7T^d), d being any distribution in d^(<S'(E^))even- 

It is our feeling that these latter considerations may be of some independent 
interest in the Weyl calculus itself, in which it is not more difficult to tackle with 
the n-dimensional case. 

Recall that the definition of the n-dimensional Weyl calculus is just the same 
as (2.1), except for the fact that the exponent 2i7r(x — y)r] must be replaced by 
2 i 7 T {x — y,rj)^ the integration taking place on Again, the linear map Op is an 
isomorphism from «S'(R^^) onto the space of weakly continuous linear operators 
from S{W^) to There is one pair {Qj,Pj) of position and momentum 
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operators for each coordinate: Qj is the operator which multiplies a function of 
X by Xj, and Pj = ^ the Weyl symbols of these two operators are the two 
functions (x,^) i— > Xj and (x,^) Multiplying an operator Op(h), on the left 

or on the right, by Pj or Qj, can be traced on the level of symbols by the set of 
formulas 



h 



^i^^j ~ Cj ^ 



J_ 

dZTT dXj 

1 dh 
Am dxj 



Xj #/i = Xjh 



h^Xj = Xj hp 



1 dh 
Ain d^j 
1 dh 
Ain d^j 



( 12 . 1 ) 



Let [) be the ((2n + l)-dimensional) Lie algebra of the Heisenberg group: since 
{Cj^x/e} = Sjk, ^ can be identified with the space of real- valued affine functions 
(x,^) I— > (q!, x) -h (yd,^) -f c on provided with the structure associated to the 
Poisson bracket. One has [) == M 0 p, where p is the subspace of linear functions 
on 

Elements in the symmetric second power of p (over R) can be identified to 
homogeneous polynomials of degree 2 with real coefficients, i.e., the functions £, 



£(x, 0 = (ax, x) 0 2 (5x, C) 0 (c^, 0 , (12.2) 

where a, 6, c are real n x n matrices with real entries and, denoting as a' the 
transpose of a, one has a' = a and c' == c. Then, given any symbol h G <S'(R^^), 
one has (a consequence of (12.1)) 

in (£#/i - h#e) = (bx + cC, - (ax + b'^, , (12.3) 

a function which shall also be denoted as adzTr^ (h). This is the image of h under 
the differential operator ad in^ with real linear coefficients on R^’^ associated with 
the matrix 

(la 

actually, this matrix is the generic element of the Lie algebra of the symplectic 
group, the dimension of which is 2n? 0 n. 

Setting A = Op(h) and L = Op(in£), one may write (12.3) as 

adL(A) = Op(adin£(h)). (12.5) 

This is the infinitesimal version of the (n-dimensional version of) the covariance 
relation (2.4) of the Weyl calculus under the metaplectic representation: indeed, 
the operators (in)~^L are just the infinitesimal operators, in the sense of Stone’s 
theorem, of the unitaries arising from the metaplectic representation. 

As is well known, the analysis of the effect, on an operator, of the operations 
of commutation with a prescribed set of operators plays an important role in 
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pseudodiflPerential analysis, where it may serve to characterize classes of operators 
defined by conditions relative to their symbols, as R. Beals showed [4]. 

We now want to address the following question: is there any interpretation 
of the second antisymmetric power of p ? Alternatively, can one find an operator- 
theoretic interpretation of the action on symbols of elements in the Lie algebra 

0[(2n,M)? 

Proposition 12.1. With any element 



A = in E Rk A Sk , (12.6) 

k 

with Rk A Sk lying in the second antisymmetric power, over M, of the lin- 
ear space generated by all the Qj ^s, Pj ’s, associate the linear operator mad (A) 
stands for ‘^mixed adjoint”) acting on the space of linear operators from 
S(W^) to defined as 

mad{A){A) = iTrY,{RkASk- SkARk). (12.7) 

k 

Setting Rk = Op(r)t), Sk = Op(5/t;), one has 

mad (A)(Op(h)) = Op(mad (z 7 tA)(A)) (12.8) 

with 

mad (z7rA)(/i) : = iir y^{rk#h#Sk - SkH^h#rk ) , (12.9) 

k 

and the space of all operators mad(iTrA) describes a supplementary subspace 
Dp (n,R) of 5p (n,M) in gl(2n,M), it being understood that the differential opera- 
tor associated with M = {Mjk)i<j^k<2n ^ 0l(2n,R) is J2^jk^k-^ + | 
with Xj = Xj if j < n, Xj = ij-n if n 1 < j < 2n. 

Proof Only the last assertion requires a proof. It is a consequence of the relations 
(themselves a consequence of (12.1)) 

4lh4J- M-h-U- - _L /" 

Xjjfhjfxk XkfrhfkXj — 2in 

1 f dh dh \ 

Xj#h#ik - f,kifh#Xj = + ^jk hj . (12.10) 

Comparing (12.10) to (12.4), one sees that the first two lines of (12.10) provide for 
antisymmetric substitutes for the blocks c and —a taken from the block-matrix in 
(12.4), whereas the third line permits one to obtain matrices of the species ( q ^ 
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thus, we get a full supplementary space, in gl (2n, M), of the Lie algebra sp (n, M). 
It is to be noted that, since the linear first-order operator on the right-hand side 
of the last line of (12.10) has to be formally self-adjoint on it is natural 

that the constant Sjk should occur there. □ 



Remarks. 

1. In particular, we now have an operator interpretation for the action on sym- 
bols of the operator 2z7t S = ^ + n. Only, one should be 

careful that the operators with symbols h and (x, i-^ with t > 0 

are not unitarily equivalent in general: this transformation is tantamount to 
a change in “Planck’s constant”, coupled if needed {i.e, if one wants the 
rescaling to alter only the (^-variables) with a (symplectic) map of the kind 
h h(t~^x^t^)). 

2. You may think of t)p (n,M) as the “diaplectic” subspace of 0[(2n,M), where 
the prefix is justified by (12.7). The subalgebra $p (n, M) normalizes dp (n, R) 
in the Lie algebra gi (2n, R). This may be checked from (12.3) and (12.10) by 
a case-by-case study, or by the remark that if R, S', T lie in the linear space 
generated by the Qj ’s and the Pj ’s, so does RTS—TRS = R [S, T] -h [R, T] S, 
accompanied by the formula [ad (i?S), mad (T A V)] = mad {{RST — TRS) A 
V) + mad {{VRS - RSV) A T). 

In the one- dimensional case, the Euler operator 2i7rS alone enables one to 
bridge the gap from s[(2,R) to gl(2,R). We proceed towards an analysis of an 
operator-theoretic interpretation of this operator in the Op^-calculus: this is not 
as easy if p > 0 as in the Weyl case, mostly in view of the more complicated 
commutation relation (7.13) between P and Q. 

Lemma 12.2. In the Op^ -calculus, the operator 



P e^^^ ('nQ-yP) Q-Q p - (rjQ - yP) e^^^ W~yP) 

coincides, on functions with a parity related to p, with the operator 



l + 2p 
2z7T 



giTV {r]Q-yP) 



+ 



P 

2iii L 



^-2in {rjQ-yP) _ ^2i7r (yQ-yP) 



( 12 . 11 ) 



( 12 . 12 ) 



the same formula is valid for the action of the operator on functions with a parity 
contrary to p, after one has substituted —p for p in (12.12). 



Proof Set, for t G R, 

R{t) = P Q-Q (yQ'vP) p . (12.13) 



Then 

R'{t) = 2m P (r]Q - yP) (yQ~vP^ Q - 2m Q (r/Q - yP) W-yP) p 

= 2m {t]Q - yP) R{t) + 2m [P, Q\ (vQ-yP) (yQ - yP) . (12.14) 
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Also, R{0) = [P, Q] so that, regarding (12.14) as a differential equation, we easily 
get 



= e-^intinQ-yP) + 

2i^^2M(yQ-yP) f\-2i^s (yQ-yP) (r,Q-yP) {nQ - yP) . (12.15) 

Jo 

Next, we compute 2i7r ^ [P^Q] since Q is the operator of multipli- 

cation by X, the block-form of this matrix is (using also (7.13)) 



( cos27rryx —i sin27r?7x\ / 1 + 2p 0 
—i sin 2tttjx cos 27tt]x J \ 0 1 — 2p 



= I + 2p 



cos Atttjx i sinATTTjx 
-i smATTfjx —cosAtttjx 






1 0 
0 -1 



cos27Tr]x i sm27Trjx 
i sm27Tr]x cos27t?7x 



(12.16) 



In view of (9.23), here recalled (valid when rj ^ 0) 

^2iTT {r]Q-yP) _ 

and of the fact that commutes with [P, Q ] , one has 



(12.17) 



2i7T ivQ-yP) q] g227r {vQ-yP) =j^2p W~yP) 

(12.18) 

an identity also valid if ?7 = 0 (using (7.36)). Using also the fact that (J i^i), 
which is the block-matrix form of the endomorphism u (—1)^72 of <Sp(R), 
anticommutes with r]Q — yP^ we can make (12.15) explicit as 



1 0 
0 -1 



R(t) = (vQ-yP) [p^ g] + t (vQ-yP) _ yp^ 



P 

2i7T 



^-2iTzt {yQ-yP) _ ^2int {yQ-yP) 



I c • ) ■ 



(12.19) 



Specializing to t = 1, we get (12.12). □ 

Lemma 12.3. Let h be an even distribution in P(<S'(R^))even o,nd let A — Op^(h). 
The operators Op^ {{2p P 2i7r S) h) and 2i'ir{PAQ — QAP) agree on the subspace 
of Sp (M) consisting of functions with the parity related to p, and the operators 
Op^((— 2p -f 2i7rS)h) and 2i'p{PAQ — QAP) agree on the subspace of Sp{R) 
consisting of functions with the parity contrary to p. Also, {2p-\-2mS)h is Tip- 
invariant if and only if h is Tp-^i -invariant, and {—2p-\-2iiT S) h is Tp-^i -invariant 
if and only if h is Tp-invariant. 
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Proof. First note that Op^(/i) and Op^{2i7rSh) are well defined by Proposition 
9.7. If u and v lie in <Sp(M) and have the parity related to p, one has 

(v\Op^{h)u)= I (lFh){y,rj) {v\ exp 2i7r {rjQ — yP) u) dy dr] (12.20) 

so that, from Lemma 12.2, using the fact that h is even, 

2i7T {v\{PAQ — QAP)u) — 2i7T I {Th){y^r]) 

[{riQ - yP) + {l + 2p) „) dy drj . ( 12 . 21 ) 

Prom (9.32), 

2iir {t]Q - yP) = {2in S - 1) , (12.22) 

where the operator 2i7rS — 1 transfers to —2m 8 — 1 under transposition, then to 
2m 8 — 1 again under commutation with T . Thus 

2m {v\{PAQ - QAP)u) 

= / P'{{2p 2m 8) h){y^T]) {v\ exp 2m {t]Q — yP) u) dy dr] . (12.23) 

o/r2 

Concerning the second statement, we note that, as a consequence of (6.16), 
one has 

Epip + inS) = Ep+i (p + inS) 

[p — me) 

= {p + m8) Ep4_i 



and 



Sp+i (p — m8) = {p — in 8) Ep . (12.24) 

□ 

It is convenient, at this point, to introduce some terminology. First, recall 
from the proof of Corollary 9.10 that, if p > 1, the operator {p in 8)~^ is well 
defined as an endomorphism of <S'(R^): as a consequence, if /i G .F<S'(R^), i.e., 
Qh G ^S'(R^), one can always define Ep/i = Oh G <S'(R^). If Ep/i, too, lies 

in the space *F<S'(R^) (in particular, this is the case if h is Ep-invariant), then 
h = G{'P‘ph) is in <S'(R^). All this may look just a little bit confusing, but 

this is only due to the fact that the useful space is ^<S'(R^) rather than <S'(R^). 
Anyway, the developments in this section will yield at each step only symbols 
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actually lying in the intersection H Given a continuous linear 

operator A from to <Sp(M), commuting with the map u we shall say 

that A admits a lower- type symbol if there exists an even symbol h G 
satisfying Hp/i = h such that the restrictions of A and Op^(h) to the subspace 
of <Sp(R) consisting of all functions with a parity related to p agree: of necessity, 
the symbol h is unique, up to the addition of a linear combination of distributions 
homogeneous of degrees — 1 — 2j, 0 < j < p — 1 {cf. (9.18)), connected to a 
horocyclic symbol, as follows from Definition 6.2 and Corollary 9.5. Similarly, we 
define the concept of higher-type symbol of yl, in relation to the restriction of A 
to the subspace of «Sp(M) consisting of all functions with a parity contrary to p: 
of course, it is then the involution that has to be considered instead of Sp. 

Formula (9.20) permits us, in principle, to fully rebuild any even symbol from its 
lower and higher parts: but, in order that an operator admit an Op^-symbol, it 
may not be sufficient that it should admit both a lower-type symbol and a higher- 
type symbol, since there is the problem of applying {m to the sum on the 
right-hand side of (9.20). 

One other word of caution is necessary: it is only in the Weyl {p = 0) case that 
any symbol reduces to the sum of its lower and higher parts, for then Di = — Eq. 
Also, it is not true unless p = 0 that an operator with a Ep-invariant symbol 
should vanish on functions with the parity contrary to p (or vice-versa). 

Remark. The following is an immediate consequence of Lemma 12.3: let p > 1, 
and let A be a bounded linear operator from <Sp(M) to <Sp(M), commuting with 
the map u u. the operator 2 z7t {QAP — PAQ) admits a lower-type symbol 
blow, then A admits a higher- type symbol, the image under (2p -f 2i7r£)~^ of 
hiow 

Within some fixed Op^-calculus, we set, for /c = 0 or 1 and u e C, u ^ 
A:, A: 4- 2, ... , 

\Q\P-'' = Op"(|:ri-i-‘^) , \P\p-'' = , (12.25) 

after having noted that the symbols involved are well defined as tempered distribu- 
tions depending analytically on v in the given range of values of (A:, v): actually, 
we take to mean the operator of multiplication by even when 

Re z/ > 0 and define (c/. (7.36)) \P\^^~^ : = fhis is the only 

place in this section where we consider symbols possibly not in <S'(R^). Note that 
in the case when A: = 1 the symbols in (12.25) are odd functions on R^, so that the 
associated operators change the parity of functions. Their definition can neverthe- 
less be regarded as an extension of (9.1): alternatively, one may use the formulas 

\Q\P~" = Q\Qy~'' = \Qy~’'Q, = p\py->' = \p\-^--'p. 

(12.26) 

A^{uui'2;k) = \Q\p-'^ 



We also set 



(12.27) 
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assuming throughout this section that, besides 7^ k, k-\-2, . . . , 1/2 7^ fe,/c-h2,..., 
one also has |Re — z^2)| < 1, Re (r'l 1 ^ 2 ) > —1- Even though we are really 
interested only in the case when A: = 0, the consideration of the case fc = 1 is 
unavoidable. Our main problem is to show that, for all p, the operator 1 ^ 2 ', k) 

has an Op^-symbol hP{ui,U 2 ;k); also, to relate this symbol to the Weyl symbol 

fhat this latter symbol is well defined as a 
tempered distribution is a consequence of the remark following (11.20). 

It is, however, necessary for our purposes to remark a little more, namely 
that both i^2; k) and the Fourier tranform (or, what amounts to the same, 

the ^-transform) of this symbol lie in the space (<S'(R^))even used in Proposition 
9.7. To that effect, one may use Theorem 11.3. Indeed, on one hand any sym- 

— l — —l + h'l—U2—iX 

bol \x\j ^ 1^1^ ^ lies in this space since it is integrable against any 

continuous function rapidly decreasing at infinity; on the other hand the summa- 
tion with respect to A can be taken care of by means of (11.27). This shows that 
h^{i'i^i' 2 \k) is in (<S'(R^))even- On the other hand, from Theorem 11.3 again, we 
get the weak decomposition in 



Gh°{l'i,U2\ 




{QhP{vi,V2',k))\d\ 



(12.28) 



with 



{QhP{vi,V2\k))x{x,e 

= X] ^ \^\j " 

j=0.1 



(12.29) 



and 



Dj{vi,i' 2 ]k;iX) 



= (27r)-'^ 



h 

r( 



l-t/i+t^2+^A+2j 
4 

l+t/i-i/2-^A+2.7 

4 



m 

)r( 



4 

l-ui+U2-iX-\-2j 

4 



X Cj{ui,iy2',k]-iX) 



(12.30) 



the same reasoning as the one applied to h^(yi^i' 2 \ k) above can now be applied 
to its ^-transform. 

We now show by induction on p that, under the hypotheses indicated right 
after (12.27), any operator A^{ui,U 2 ]k) has a lower-type symbol as well as a 
higher- type symbol. 

Lemma 12.4. Under the assumptions that 7^ /c, /c -f 2, . . . and 1/2 7^ A:, /c + 2, ... , 
together with |Re {ui — V 2 )\ < 1, Re {vi + ^ 2 ) > —1; one has 



AP{ui,iy2;k)Q = QAP{iyi,iy2;k) 



1 + Z^2 



Q A^{ui -I- 1, 1/2 + 1; 1 - A:) . 



(12.31) 



2i7T 
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Proof. When acting on functions of t of any given parity, P = {2m) zt |), so 
that 

P {\ty-''u) = w , ( 12 . 32 ) 

in other words 

IQI-i-p = P|Q|-i- + IQIr"-". (12.33) 

Using 

P = PyQPp, -Q = PyPPp, (12.34) 

we get 

|P|-i- Q = Q |P|-l- - ^ |P|- 2 - . ( 12 . 35 ) 

Thus 



AP{iy^,i^2-,0)Q = \Qy-‘'^ \Py-''^Q 

= \Qy-''^Q\Py-''^ - 

= Q (\Qy~''^\Py~''^ 



1 + 1^2 
2 m 
I +P2 
2m 






(12.36) 



which gives the case A: = 0 of the lemma. The proof of the case A: = 1 is identical. 

□ 



Lemma 12.5. Let p > 1 be given. Assume that whenever k = 0 or 1, and z/i, ^2 
are complex numbers such that z/i 7 ^ A:, A: + 2 , . . . , U 2 ^ k^k + 2^ . . . and |Re (z^i — 
1 / 2)1 < 1, Re (z/i + z/ 2 ) > —1; operator A^{ui^iy 2 ]k) has a lower-type symbol 
^fow(^i, ^^ 2 ; A:). Then, such an operator also has a higher-type symbol, given by the 
formula 



{2p + 2m£) /ihigh(^i- ^ 2 ; k) 

— —(1 Pui + U 2 ) /ifow(^ii ^ 2 ; k) + ^ + 1, j /2 + 1; 1 — A;) . 

(12.37) 

Proof. First recall from the remarks which followed (12.24) that {2p + 2mS)~^ 
can indeed be applied to the right-hand side of (12.37) if p 7 ^ 0, thus making this 
equation a valid definition of ^high(^i’ ^ 2 ; k): (12.24) then shows that, indeed, this 
symbol is Dp+i -invariant. It is immediate that 



Q A^{ui,iy2;k) P = -A^(z/i - 1, z /2 - 1; 1 - A:) . 



(12.38) 
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On the other hand, using (12.33), then Lemma 12.4 (twice), 
P 1 / 2 ; k)Q^F Q 

= \p\yiQ-^-i^\Q\i-y \p\k^-'^Q 



2z7T 

= Q~^ A^{iyi - 1,U2 - 1;1 - k)Q - 

1^2 



k 1 ^ \k 

l±n r^-i 

2m 



Q ^ A^{vi,V2\k)Q 



A^{yi - 1,^2 - 1;1 -fc) - A^{vi,V2\k) 

ll'K 

^ AP(i/i, i/ 2 ; fc) - ^ ^ + 1, + 1; 1 - A;) . (12.39) 



2i7T ----- 47t2 

Using the remark just before (12.25), we are done. 



□ 



The preceding lemma gives a pair of equations (A; = 0 or 1) entirely concerned 
with the Op^-theory only: we now connect the Op^“^^ -theory to the Op^-theory. 

When acting on functions with the parity related to p + 1, the operators 
A^{yi,n 2 \ 0 ) and A^^^{vi,V 2 ] 0 ) (products of two factors with even symbols) agree. 
This is so fundamental that we give another short proof of this fact, independent 
of Corollary 9.5. It suffices to show that, on the given space of functions, the two 
operators P^, taken from the Op^-theory or the Op^~^^ -theory, agree. Now, from 



(7.13), P2 - 

D 



1 

471^ 



y 0 Dp J 



with A 



'p = (£-x)i£ + D = ^- = ^p+i- 

Things are different so far as the operators z^ 2 ; 1) and 1^2 A) 

are concerned. Indeed, 



^ dx ' X ' ^ dx X ^ dx“^ 

Thus Dj) = A. 



+ 



pA~p) 



and 



AP{ui,i.2A) = \Qy-^^\py-^^ 

= \Qy~’'^ Qp\py-'p 



Now, in the Op^-theory, one has 



whereas 



QP 



2i7rV 0 x£+p)^ 



QP 



1 

2m 



' dx 



-p- 1 
0 






(12.40) 



(12.41) 



in the Op^"^^ -theory. This leads to the following: 

Lemma 12 . 6 . Let p > 0 be given. Assume that whenever k = 0 or 1, and i/i, U 2 
are eomplex numbers sueh that / /c. A; -T 2, . . . , i /2 7 ^ ^5 ^ + 2, . . . and |Re {ui — 
1 / 2)1 < {P '1 P P' 2 ) > — 1 ? the operator A^{yi,i/2\k) has a higher-type symbol 
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^high(^i’ ^2; ^)* Then, under the same assumptions regarding V2, ctny operator 
also has a lower-type symbol, given as 

^fow (12.42) 

or 

hC{yi,U 2 \l)= (12.43) 

Proposition 12.7. Let k — t) or 1. For every p = 0 , 1 , . . . ^ and every pair (i^i, ^^2) 
of complex numbers with ^ + 2 , . . . , 1^2 ^ k,k + 2 , . . . and |Re {ui — ^'2)! < 

1 , Re (i/i F 1^2) > — 1 ? the operator A^ (ui , 122', k) admits a unique Op^ -symbol 
hP{ui,iy2]k) in the space (<S'R^))even; u)ith Qh'^{i'i^i'2]k) in the same space. For 
p>t), the symbol ( 1 +z 7 t^)p 1^2', k) is a linear combination, the coefficients 

of which are polynomials in v\, U2 of degree < p depending on p,k,r, of the 
symbols /?'high(^i + ^2 + r; k') with r = 0 , 1 , . . . , 2 p, A;' = 0 or 1 , r ^ k' = k 

mod 2 ; for p > I, the symbol (1 -h ivrf )p_i hf^^{ui,U2'^ k) is a linear combination, 
the coefficients of which are polynomials in ui, U2 of degree < p depending on 
p, k, r, of the symbols /ihigh(^i + ^2 + k') with r = 0 , 1 , . . . , 2 p — 1 , k' = 0 or 

1 , r k' = k mod 2 . 

Proof. All linear combinations to be discussed in the present proof are supposed 
to have coefficients which are polynomials in ui, z /2 • We know from the consider- 
ations which preceded Lemma 12.4 that, with z^ 2 ; A:) = 

both h^ (lyi ^ 1 ^ 2 ] k) and its ^-transform lie in (<S'(M^))even , and the same holds 
with hY^^{ui,iy 2 ;k) and , U 2 ', k) , the images of i^ 2 ; under the op- 

erators I (/ ± G). Using (12.37), (12.42) or (12.43), and remembering that, for 
p>l, {p-\-i 7 rS)~^ can be applied to any symbol h in <S((R^), we may inductively 
construct two sequences (hf^^(i/i, i/ 2 ; k))p>Q and (^high(^i’ ^ 2 ; ^))p>o of lower-type 
and higher-type symbols of the sequence of operators (A^(i/i, 1 ^ 2 ; ^))p>o- Indeed, 
(12.37) makes it possible to construct the higher-type symbol of A^ [ 121 ,^ 2 ] k) from 
the knowledge, for all admissible pairs U2^ of the corresponding lower- type sym- 
bol, while (12.42) and (12.43) make it possible to compute a lower- type symbol in 
terms of some higher- type symbols, while raising the level p. 

The assertion concerning 

{l+i'nS)phl^^^{ui,i'2\k), p>Q, or (1 + i 7 rf)p_i /if^„(z/i, j/2; fc), p > 1 , 

is immediate by induction, a consequence again of (12.37), (12.42) and (12.43), 
and from what has been said in the paragraph following (12.24), all symbols 
^fow(^i-*^2;fc), hl-^^{pi,V2\k), Qhf^^{i2i,i'2-,k) and g/i^gi,(z/i, z/2; A;) lie in ^'(K^). 
The symbol z^ 2 ; k) can then be obtained from (9.20), as 

M’{ui,V2\k) = {-2iTTSy \(2p - 2i-n £) h\^^{yi,y2\k) 

- {2p + 2i-K£)hl^^^{yi,V2\k)\ : 



(12.44) 
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admittedly, it is only for p > 0 that the operator {p iir S)~^ is well defined 
as an endomorphism of However, we only have to apply {2i7rS)~^, here, 

to symbols of the species -h r,U 2 + r; A:'), and it follows from (12.5) and 

(12.6), together with 

/ihigh(j"i +^, 1 ^ 2 + r; k') ^ i [hP{vi + r, + r; k') - 5/ihigh(i^i + r, 1/2 + r; k') ] , 

(12.45) 

that the function 

i [ Cj{vi + r, 1^2 + r\ k'; iX) - Dj{vi + r, 1^2 + r; fc'; i\) ] 

is the spectral density of +r, 1^2 + r; k') against the family of homogeneous 

distributions \x\j ^ |^|^- ^ and that it remains a function of 

A after it has been divided by — iA. □ 

Lemma 12.8. For every integer r > 0, and k = 0 or 1, one can uniquely define four 
polynomials Ar^k, Br^k, Cr,k and Dr ^k 'i'^ three indeterminates, with degree(A^^fc) ^ 
r, degree(Cr,fc) < degree{Br,k) < — 1? degree(Dr^k) ^ t — 1, with the following 
properties: set k' = tl or 1, r F k' = k mod 2, and let i^i, ^ C satisfy the 
assumptions of Proposition 12.6. Then 

+ r, 1^2 + r\ k') = \{PI + l)r {V2 + l)r]“^ X 

[ ^r,fe (j^i , 1^2 ; 2^8) , i^2 ; fc) + 2i7T £ Br,k{vi,i>2\ 2in 8) (i^i ,V2-,k)] 

(12.46) 



and 



/i?ow(^i +r,V 2 + r; k') = \{vi + 1)^ {v 2 + l)r] ^ x 

[Cr,k{i^i,i'2\ 2m 8) h!(^^{i>i,i>2] k) + 2m £ Dr,k{i^i,P2\ 2m 8) k) ] . 

(12.47) 

Proof. This is obtained by induction, starting from the two equations 
(2f7r)“^ /ihigh(«^i + 1, i^2 + 1; k) = 

1 + PI+V2 hl^^^(vi,V2-, 1 - A:) + 2m £hP^^^{vi,V2\ l-k) 

(12.48) 



(1 + i/i)(l + V 2 ) 



and 



(2i7r) ^ ^k)w(^i + 1, + 1; h) — 

{l + uf{l+\) 1 - k) + ^iri2i){l + y2) l - fc) , 

(12.49) 
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the second of which is the case p = 0 of (12.37): in a similar way, the first one 
follows from Lemma 12.3. Alternatively, one can derive (12.48) and (12.49) from 
the identity 

+ 1,^2 + l;fc) = 2i7T ^ ^ 7 l-k) (12.50) 

fl + ^1 ju + ^2) 

and its consequence 

gh°{ui + 1,1^2 + 1; A:) = 2i7r ^^P ^ Qh^ l-k). (12.51) 

(1 + vijyl + V2) 



The easiest way to prove (12.50) is, using Theorem 11.3, to note that the coeffi- 
cients Cj{ui,U 2 ;k;iX) in (11.22) satisfy 



Cj [ui + 1 , 1^2 4" I 5 15 ^-^) Cj (^1 T 1, 4“ I 5 0? '^'^) 



Cj{ui,U2',0;iX) 



= 2i7T 



Cj{i'i,V2\ l;iA) 

1 -f z/i + 1/2 - 

(1 + z/i)(l -f U 2 ) 



(12.52) 



□ 



Theorem 12.9. For k = 0 or 1, and p = 0,1,..., one can find two polynomi- 
als Mp.k{i^i^i' 2 ‘’) X) and Np.k{^h'^ 2 ] X) in i^i, U 2 some indeterminate X, the 
degrees of which are at most 2p, such that, whenever k, v\, V 2 satisfy the assump- 
tions of Proposition 12.7 , the identity 

h^{ui,V2]k) 

= [(z^i + l)2p {^2 4- l)2p (1 4-i7rf)p]“^ Mp.k{^i,i22\2m £) h!(^^{vi,V2\k) 

+ [(z^i 4- l)2p(^2 + l)2p{iT^ Np.k{^i,V2]‘2.iTT (12.53) 

holds. Recall that 

k) = \[ + G ( 12 . 54 ) 

and that 

/*high(^i,^^2;fc) = i . (12.55) 

Proof. It suffices to combine Proposition 12.7 and Lemma 12.8. □ 




Chapter 3 



The Sharp Composition of 
Automorphic Distributions 

13 The Roelcke-Selberg expansion of functions 
associated with continuous part 

In this section, we begin our proof of the main formula (5.38) (or (5.62). First, 
there are two reasons why we do not follow the lines of the heuristic approach 
in Section 5, neither of which has to do with the difficulty of the approach. The 
first one is that, from the very start, the original definition as a series (3.1) or 
(5.32) of 5^5, is only valid if Re z/ > 1 while, from the point of view of the spectral 
analysis of automorphic distributions, the case when u is pure imaginary is more 
important: the method below will take us directly to this case. Still, let us observe 
that it is precisely because our heuristic section was based on the Definition (5.32) 
of 3^5, that it allowed us to get some true understanding of the role played by the 
Dirichlet-Hecke operators C{s) in the formula. The second, and related, reason is 
that a proof based on (5.32) would depend on a definition of Eisenstein series which 
could not generalize to more general automorphic distributions. On the contrary, 
our present proof is based on the Fourier series expansion (3.25), which generalizes 
to the case of cusp-distributions (4.4). 

As said at the end of Section 5, one possible way, avoiding the use of the 
Op^-calculus (c/. Theorems 10.6 and 10.7) to try and define the sharp product 
of two Eisenstein distributions could be based on an answer to the question: how 
can one (sometimes) give a definition of the image under 2i7r^ of the symbol h 
of some operator A, without being able to define either h or A? Section 12 gives 
the answer: 
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Proposition 13.1. Let 6 G For every z e U, one has 

{uz\Op{2i7T £ &) Uz) = (i^^|0p(6) u\) (13.1) 



and 



(ul\Op{2i'K 8 e) ul) = -32 [( m ^| 0 p ( 6 ) m ^) + ( m ^| 0 p ( 6 ) m ^)] 

+ 3(w2|Op(6)u2j. (13.2) 



Proof. Recalling that in the Weyl calculus, when acting on functions of x, the 
operators Q and P are respectively the operators of multiplication by x and 
^ one gets from (6.13) the relations 




Since z ^ — z ^ = —2ilm this entails the relation 

(PU;,\AQU;,) - (QuzlAPu;,) = f- (ul\Aul ) , 



(13.3) 



(13.4) 



SO that (13.1) is a consequence of Lemma 12.3: observe that in the case of the 
Weyl calculus this lemma reduces to the formula 



Op(2i7T £ h) = 2m {P Op{h) Q — Q Op{h) P) . (13.5) 



Recall from Proposition 12.1 that the right-hand side of (13.5) was denoted as 
mad [2m {P A Q)) Op(/i) there. 

The formula (13.2) is proved in the same way, using 



1 3^ / 

Qu, = —T Im 

2 7T2 V 

Pul = bin 

Z7T2 V 



1 

Z 

V 



1 

2 



u 



2 

2 5 



Uz + 



32 

2tt^ 



Im 



1 

z 






(13.6) 



□ 



It is essential to note, now, that the right-hand sides of (13.1) and (13.2) can 
very well be meaningful, thus giving the operator Op{2m£(5) a minimal sense 
{i.e., a sense as a linear space from the linear space generated by the functions 
Uz, u\ algebraic dual of this latter space), without it being necessary to 

assign the would-be operator Op(©) any meaning. Also observe that a sesqui- 
holomorphic argument permits to find the function (ic, z) i— > (uj^|0p(6) u\) from 
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the knowledge of the function z (t^^|0p(6) something similar 

holds for the right-hand side of (13.2). This scheme will work in our present inves- 
tigations: however, it will be necessary to consider the right-hand side of (13.2) as 
given as just one integral, not the sum of three (divergent) ones. 

Dejfinition 13.2. Let Ai and A 2 be two linear operators: tS(M) <5^(I^), commut- 
ing with the map u and let Al be the formal adjoint of A\. We shall say 

that the operator mad (2z7r (P A Q)) {A 1 A 2 ) is well defined in the minimal sense 
if, for every point 2 : G II, and p = 0, 1 or 2, the distributions A^u^ and A 2 U^ are 
actually (locally summable) functions on R, and the integrals 

/ oo 

{Alul){t) (A2ul){t) dt (13.7) 



and 




3(^>2)(i) (A2ul){t) 



32 {Alu^){t) {A 2 ul){t) 



-3i {A\ul){t) (A 2 U.m 



dt (13.8) 



are convergent as improper integrals. We shall say that the operator mad (2i7r (PA 
Q)) {A1A2) admits a symbol T in the minimal sense if there exists a (necessar- 
ily unique) symbol T G such that these two integrals coincide with 

{uz I Op(T)u^) and {ul | Op(T)u^) respectively. 

Remark. Again, the operator mad {2iiT (P A Q)) {A1A2) can be well defined in the 
minimal sense without A 1 A 2 being necessarily so. However, if the first-mentioned 
operator admits a symbol T in the minimal sense and if the operator (2i7r£^)“^ 
can be applied to T from the consideration of the decomposition of X into homo- 
geneous components, then one may define (2m X as a symbol of A 1 A 2 . This 
symbol will at best be defined only up to the addition of an arbitrary (tempered) 
distribution of degree —1: but this is quite coherent with the fact, observed af- 
ter (9.35), that, for p > 1, the Op^-calculus “forgets” all such distributions. For 
Proposition 13.1 is just a devious trick to avoid the use of the Op^-calculus and 
stay within the Weyl calculus proper. 

Such a definition of a symbol of A 1 A 2 is somewhat indirect, but it is in full 
analogy with the definition of Bezout’s distribution in Section 4: from the proof 
of Theorem 3.3, we found that only (2m rather than 03, could be given a 
direct definition by a convergent series as in (3.41): but after we found, for ^ > 1, 
the spectral decomposition of 03^ in Theorem 4.3, it appeared that it also made 
sense for f — b. 

Proposition 13.3. If z^i, U 2 complex numbers with |Re (vi ± z/ 2 )| < 1; the 
operator mad (2m (PaQ)) (Op(5'J,J Opd?^,^)) defined in the minimal sense. 
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Proof. Recall from (3.2), (3.27) and (10.4) that, if z/ / —1, 0, 1, ... , 



di = 2^ 



C(-j/)|x| i+c(i-0<^(a;)|^| + Y1 






n^O 



(13.9) 



and from (10.7) that 

{Op{a^)u){t) = |n |“2 char(t^ > 2n) (t^ — 2n)~^ 



t — e\J t^ — 2n u {e\/C‘ — 2n}j . (13.10) 



s=±l 



To better understand the difficulty involved in defining the product Op(5^J 
00 ( 3 ^ 5 , 2 )’ examine (from the consideration of (13.9)) the operator 

Op(Sn<-i ci^): clearly, it sends S{R) to 5(M) since, if |i^(t)| < C(1 + 

|t|)“^^, one has, for n < 0, 



I Re 



|(Op(a;;)w)(i)| < C|n| 2 (t+2\n\) 



-N-1 



\t\ + \/t^ + 2|n 



.-I I Re iy\ 



(13.11) 



and a term-by-term differentiation can be carried out without any trouble. Since 
(from (13.10) or, in a simpler way, (10.4)) 



Op 



E 

k n>l 



<yu{n) 



R2 






(13.12) 



n>l 



the operator just mentioned sends 4S'(R) to <S'(M). As one can thus expect, it will 

indeed be the sum that will create difficulties; in 

ri2>l 2 ri2 2 

other words, when examining (Op(3frJ R? I Op(32/2) expanding the two 

symbols under consideration by means of (13.9), it is the terms with ni > 1 and 
712 > 1 which we must be careful of. 

Concerning the second term on the right-hand side of (13.9), it is immediate 
from (2.1), or even more so from (10.19) and (10.20), that if z/ ^ Z, 

Op(<^(a;) icr‘')w = 2 '' ~r(%^ (13.13) 

So as to simplify notation somewhat, we shall change zto before studying 
the expressions (13.7) and (13.8), in which Op{^l.) has been substituted for Aj: 
we thus set 

/ oo 

-OO ^ ^ 



(13.14) 
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and 



/ oo 

3 (Op(5?ri ) W?. 1 ) (t) (Op(5l, )u^_i) (t) 

-OO L z 2 



-32 ^ {Op{dl-^)u^_i){t){Op{Slju^__l){t) dt. (13.15) 



p=0,2 



We first examine the simpler integral (13.14), a genuine one as it will turn 
out. Since, with z = x -fiy, 



z 

with C(l) = 2t 7 T 2 , where we have set, more generally, (c/. (6.13)) 

{2n)P+i \ ^ 



(13.16) 



C{p) 



r(p + i) 



(13.17) 



(13.16), together with (13.9), (13.10), (13.13) and the functional equation (3.19) of 
the zeta function, yields, if [Re z/| < 1, recalling (11.26) for the notation concerning 
signed powers. 



(Op(^« ) it) = C{1) yi [2^ C(-^) \t\l^ - 2^ C(^) m e 



— iTTZt 



-1,-1 

2 2 






cr^(|n|) 



char(i^ > 2n) 



n^O 



t — — 2n — t E \/t‘^ ~2n 



^—i'Kz{E — 2n) 



(13.18) 



The first two terms add up to a function which is an 0(|t|”l^® *^l) near zero, and 
rapidly decreasing at infinity; it has also been observed that the sum of all terms 
with n < 0 in the sum above is a smooth function, rapidly decreasing at infinity. 
The terms with n > 0, however, must be examined more carefully: first, their sum 
has a mild singularity, to wit a lack of differentiability at the points zby^^, n > 1. 
Since - 2 n) number of terms to be considered is 

< y , only the n’s with C —2n = O(logt) may contribute to a total not less, say, 
than 0(t“^). But when C — 2n = O(logt), t — > oo, one has 



t — \/t‘^ — 2n 



t E \/t‘^ — 2n 



= O _ 2n) ; 



also, given C > 0, the sum ^ \/t^ — 2n extended to all integers n such that 
0 < — 2n < C logt is an 0 ((logt) 2 ). Finally, is, for large n, 

an O(logn) if Re > 0, an 0(n”^® logn) if Re z/ < 0, so that the terms 
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with n > 0 from (13.18) contribute to {Op (^1) a term which is an 

0(|^||Re u\-i Qogt)t) for large t. 

This estimate shows that, when |Re z/i| + |Re < 1, the right-hand side 
of (13.14) is a bona fide integral. The improper integral (13.15) is slightly more 
difficult to deal with. Our claim is that the dt-integral, taken from —a to a (— ai 
to a2, with ai and U 2 independent, would be just as well) has a limit as a — ^ oc, 
and that this limit is also the sum of the double series of integrals obtained from 
the decomposition (13.19) below: the simple trick is to perform an integration by 
parts (in the integral . . . ) in some of the terms involved, namely, with the 
notation below, those with ni > 1 and U2 > 1. 

For p = 0 or 2, and |Re < 1, 



(opit) (t) = c(p) [ 2 ^ c(-i^) + 2^ cii^) 



X e 






aui\n\) 



char(t^ > 2n) 



n^O 



t - - 2n "' + t+ Ve - 2n *'1 - 2n) V g-i^2(«"-2n) _ (13.19) 



We develop (Op(S^JrJ )(i) (resp. (Op(y^J u^\)(t)), with pi {resp. P 2 ) = 0 

or 2 but Pi + P2 >2 according to the preceding expansion, with ni {resp. 712) 
substituted for n: as explained right after (13.12), only the terms with rti > 

1, n2 > 1 are worrisome in the expansion of the product (Op(S'|^) )(t) x 

z 

(Op(S^§,2) '^^\)(0* since they contribute to the integrand on the right- 

hand side of (13.15) the function 






3iC(0)C(2)s/i 

ni, ri2>l 



jni) M 
nr nr 



char(t^ > 2max(ni,n2) E i‘ - - 2ni\''^ \t - £2\/C - 2n2|'’ 

ei=±l 

£2=il 

/9 xi / 9 xi — 2n2.i — 2ni.i 

4,„(( -2n,)Ht 

X ^i7rz{t^-2ni) -2u2) ^ (13.20) 



This series cannot be integrated on the real line (though each term can) only 
because of the behaviour of g at infinity. However, note that 

^inz{t^—2ni) ^—i'nz{t^—2n2) _ ^—2ny{t‘^—ni—n2) ^2i7r{n2—ni)x 



(13.21) 
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and that the last line in the preceding expression of g(t) can be written as 



dt 



22in { n ,- n,)x ^ ) [(t2 _ 2m)^ { t ^ - 2ri2)^ ^^3 22) 



Since 



d / / t ^2\ 

— yt- E\\JC - 2u\ t - £2V - 2ri2 j 



£ll/l 






[ \/t^ — 2ni — 2 u2 



t — si\/t‘^ — 2ni t — £2^/ 1‘^ — 2ri2 



(13.23) 



one may write g{t) dt as h{t) dt with 



(»i) (»2) 2z7r(n2— ni)x 

ni' ri2" 

char(i^ > 2max(ni,n2) y] k — £i \/i^ — 2ni k — £2\/i^ ~ 2ri2 



/,(t) = -2"^^^3iC(0)C(2)yS 

ni , ri2>l 



£l =il 

£2 = il 



X 



^ £2l^2t ^ 

\/pnr2^ y/C — 2 u2 



- 2ni)^ (t^ - 2n2)2 . 



(13.24) 

Splitting the last exponential as ^-T^y{t^ - 2 n 2 ) using the Cauchy- 

Schwarz inequality for series together with the estimate 



[cT-j^ (n) p char(t^ > 2n) 

n>l 



|t| dz \/ C — 2n 



2 Re i/ 



t~^ [l+(t^-2n)]e-2^^(*'-2^) 



^o(|t|2|Re-l-2(iogt)i) , (13.25) 



obtained, as in the study of the integral (13.14), by remarking that only the terms 
with C — 2n = O(logt) are important in the sum, we see that, when |Re i/i \ + 
|Re Z/ 2 I < 1, the function h is integrable. □ 

Lemma 13.4. The functions cind introduced in (13.14) and (13.15) 

are T -invariant. 



Proof. This is obvious for the first one, in view of the covariance of the Weyl 
calculus under the metaplectic representation and the absolute convergence of the 
integral (13.14). Note that the invariance of under translations by integers 

is obvious too. 
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After the preparation provided by the proof of Lemma 13.3, one may write 
the function 2 2 as a series, the main part of which being 

-35 y] (Op(a!}„jXi |Op(aj;"Juy/) 

p=0,2 

(13.26) 

where each scalar product within the bracket is meaningful: this is the same as 
cr^^{\ni\) a^^{\n2\) 






(wii |mad(2i7r(PAg))(Op«i)Op(a^2))Miij . 



(13.27) 



Now, by the metaplectic covariance property, 

I mad(227r(P A Q)) (Op(o);^J Op(o:;|)) Wp) 

= {u\ I mad(2i7r(P A Q)) (Op(b:(\ ) Op(b);^J) ul) 

(13.28) 

with ^ { I ~Q^ ) , which concludes the proof since one also has 

mad(2i7r(PAg))(Op(5«JOp(S«,)) = 2"^"^ 

Kh Kh 

mad(2i7r(P A Q)) (Op(bJ:^^J Op(bJ^ 2 )) + extra terms 

(13.29) 

(where the extra terms arise from the consideration, for each factor, of the first 
two terms on the right-hand side of (13.9): they are exactly the transforms, under 
the map 2 ; of the terms we have neglected writing in (13.26)): this series 

expansion has to be understood in the minimal sense, i.e., when testing against a 
pair (uz.Uz) or (u^,u^). □ 

Under the assumption that |Re ui \ -h |Re z^ 2 | < 1, we shall now consider the 
function and expand it as a Fourier series 

mGZ 



(13.30) 
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Using (13.21) again, we find, starting from (13.18), 

/ oo 

£2 — il 

C(-£i i'i)C{-e2 ^2) 

o-^i(|n|)(j^,(|n|) 






,47 t ny 



n^O 



ki+i^2 



— — ^ char(t^ > 2 n) t — £iy/t‘^ ~2n t — £ 2 \/ — 2n 



(13.31) 



and, for m 7 ^ 0 , 



a}^{y)=a}{m\vi,V2\y)+a^{-m-,V2,v\\y)+ ^ a\{m-,vi,V2\y) 



riT^O 
n^ — m 



(13.32) 



with 



a^(m;i/i,i/2;y) = {C{l)f y^ 



E 

£l=±l 

£2=il 



^1^2 



■C(-£l i^l) 



gj^2(l"t|) 

\m\‘'^ 




char(f 2 > 2 m) 



t - £2 \/f2 - 2m dt (13.33) 



and 



1/ N ^ -■'i-'-2-2 g,,^(|n|)a^3(|n + m|) 

ai(m;i.i,i/ 2 ;y) = (C(l)) 2 y 2 ^ 2 2 

£l=±l III I 

£2 = il 

J t-£i\/t 2 - 2 nP' |t-£ 2 Vt 2 _ 2 n- 2 mP' dt , (13.34) 

where the last integral is taken on the domain characterized by > max( 2 n, 2 n + 
2 m). 

Lemma 13.5. If |Re (z/i =t ^^ 2 )! < 1; function 

l + £lt/l+£2t^2 



=/i.^'2(^)“2 y] £i£2 

£1 =±1 

£2 = il 

'1 - £iUi - 621^2 



7T 



C(-£ii2i)C(-£2Z22)£^i+£iia+£2r2(^) (13.35) 



lies in L^(r\II). It remains in this space after it has been applied the Laplacian 
A any number of times. 
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Proof. Recall that a fundamental domain of F in II is {z G II: >h-h< 

Re z < In view of the classical Fourier expansion (4.5) of El^{z) = C*(l ~ 

u) Ei^iz). it is then immediate that the function 
2 

, i+n-i+^2-2 „ Sll'l - £21^2 \ 



2 Si 62 ^ 



- 



C(-£l*^l)C(-£ 2 i^ 2 ) £’i I (z) 



agrees, up to some error term in L^(r\n), with the function 

J±S1S1+S2S2. ^ (I - Sl^l - £2l^2\ + 



(13.36) 



2£i£2 7T" 



- ) C(-£ii'i)C(-£2J^2)y 



£1 ui-\-e2V2 



(13.37) 

which is the same as the term 

/ OO 
-OO 

(13.38) 

from the right-hand side of the expansion (13.31) of ao(i/)- 

It thus remains to be shown that the major term • • • of a}){y), together 

with the series ^ln{v) add up to some function in L^(r\II). Let us 

first estimate, when z lies in the usual fundamental domain of F in II, so that 
y > ^, and n ^ 0, the term 



In{y) = / S 1 S 2 t — si\/E — 2n t — S 2 \/ — 2n 

J t^>2n LI 



lt^>2n 

£2==tl 



e-2^y(i"-2«) dt , 
(13.39) 



or 
IJy) = 



/ 1^1 +1^2 ! 

(y) z= 2 / t—yC — 2n — |2n|^^ t — y E — 2n 

JVTti i 



-1/1 +1/2 



-|2nl''" t-y/r - 2n + |2nr^+'^" t- - 2n 



e“2’ry(*"-2n)^^, 

(13.40) 



When n < 0, setting t = +2|n| sinhs, we find 

/ (+f2 _2n-lJ = cosh" « cosh sds , 

° ° (13.41) 

SO that each of the four terms on the right-hand side of (13.40) contributes to 
aj(y) a term which is an in the fundamental domain. 

When n > 0, setting t = \/2n coshs, one finds 

poo , y poo 

/ (1 - +<2 _ 2n) dt = (2n)"+ / e~‘'^ sinhs ds , 

(13.42) 
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so that 



POO 

i{y) = 8 (2n) ^ 2^ / (sinh z^is) (sinh z/25) ^ sinks ds 

Jo 



(13.43) 



it is clear that the integral is an 0{{ny) ^). 

Since = a_,,(|n|) = 

the series 






n^O 



a^i(|n|)cr^,(|n|) 



Re 

n 



log|n|) and |Re {ui±iy 2 )\ < 1, 
(ny)-2 (13.44) 



converges and contributes an 0(2/ 2), a function in L^(r\II), to aKy). 
The series Ylm^^o ^Iniv) remains to be analyzed. Set 



S 1 S 2 



(!/)-/ E 

£l=±l 

£2 = il 

~2n''' \t - £ 2 ^^^ - 2n - 2m dt, (13.45) 



where the integration takes place on the domain defined by C > max(2n, 2n+2m). 
Since, then, C — 2n — m > |m|, one gets, using the Cauchy- Schwarz inequality. 





V 


E 


t — si\/t‘^ — 2n 




2 

g-x3,(£-2n) 




1 

to 

V 

to 


£l = il 









X 


7 


E 


t — S 2 \/ — 2n — 2m 


1^2 


2 

g-7rj,(t"-2n-2m) 




J t2>2n+2m 


£2=±1 









(13.46) 



The summability with respect to n is obtained in the same way as the one relative 
to In{y) above, and the extra factor takes care of the m- summability, at 

the same time providing for the behaviour of the term J]n7^o,-m ^2; y) 

from (13.32) at infinity in the fundamental domain. The contribution of the term 
o}{m] z^i, 1^2; y) is taken care of by the estimate C — m > |m|, valid when C > 2m. 

That the application of the Laplacian does not destroy the estimates in all 
that precedes is immediate. □ 

From the Definition (13.35) of (^), (13.30) and (4.5), one has the Fourier 
expansion 

(13.47) 
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with 



/ OO _ _ _o 

2 ' ^ ' 

£i=in± ^ n^O 

£2 = il 



( 7^1 (|n|) 0-^2 ( 1 ^ 1 ) 






char(t^ > 2n) t — Si\/t‘^ — 2n t — 62^/ — 2n 

l + eiui+£2U2 ^ /I - £it/i - £2t^2 \ 



2 E 

£l-±l 

£2 = dbl 



£2 7T 



g- 2 xy(t - 2 n) 

C(-£ii^i)C(-e2i^2) 



2 y 

C*(“£lZ^l “ £2*^2) _£x;a+£ 2 j^ 



C *(2 + £ii/i +£21^2) 



2/ 



(13.48) 



and, for m ^ 0, 

^m(y) = «l(y) 



C *(2 + £lJ 2 l + £21^2) 



£2 = il 

i+g] i"i +»2-^2 /I — £il^i — £2^"2 



C(-£ii"i)C(-£2i^2) 



1 IV ^ e 2 ^2 

y2 |to| 2 - 521/2 (l”^l)^id^iiii±£2i:2(27r|rri|y) . (13.49) 



We shall apply to the function gl^ the Roelcke-Selberg theorem, already quoted 
in (4.1), in the following version: one has the spectral decomposition 

1 

+ + ^ / H\)E._^d\, (13.50) 

k>l 



where is a constant, ^ G L^(M) satisfies the symmetry property (4.2) and, 
for every k — 1,2 ,... the function denotes the projection of on 

the finite-dimensional space of L^(r\II) corresponding to the discrete eigenvalue 

: here, of course, ( 4 ^ )fc>i denotes the sequence of eigenvalues of the mod- 
ular Laplacian enumerated without repetition. 

Here is a recipe for computing the coefficients of the Roelcke-Selberg decom- 
position of any function g G L^(r\H) with /S.g G I/^(r\H)), with the Fourier 
series expansion 

5(z)== ^ V(2/)e2---, (13.51) 

m€Z 

taken from [62, Theorem 7.3, Theorem 7.4]: it may be considered as an extension 
of the Rankin- Selberg unfolding method, and is in full generality best phrased 
in hyperfunction-theoretic terms, though a simpler concept will do here. First, 
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the coefficients and 4>(A): we shall worry about the discrete part in the next 
section. With the help of the coefficient bo(y) from (13.51), set 




r(-f) 



and 



= ^o(y)y ^ (13.52) 

Then the function is holomorphic in the half-plane Im /u > 1 and extends as a 
meromorphic function to the half-plane Im /i > 0, with an only possible (simple) 
pole at /a = i: the residue there is (—4i7r)~^ The function Cq is holomorphic 
in the half-plane Im /a < 0. If each of the two functions happens to extend up 
to the real line as a continuous function, the jump 

Co(A) = C^(A + iO) - Co" (A - iO) (13.53) 



is related to the spectral density $ by the relation 



1 



Co(A) = - 



Stt r(-f) 



^(-A) = - 



1 C(-^A) 



Stt (*(1 — iA) 



$(A). 



(13.54) 



Remark. In particular, assume that the coefficient bo(y) from the Fourier series 
expansion (13.51) of some function g E L^(r\II), Ag E L^(r\II), can be written 
as a finite sum 



bo(y) =co(y) + ^Qy"^ 



(13.55) 



where |Re | for all £ and the integral co(y) y ^ ^ dy converges when 

Im /i < 2. Then the integral 

poo 

4>{y)= / co{y)y~i~"~^ dy (13.56) 

Jo 

is convergent for g in the non-void strip max(l, 1 — 2min£(Re a^)) < Im /i < 2. 
It extends as a meromorphic function, still denoted as 0, in the upper half-plane, 
without poles except i and the numbers i(l — 2a^), and one has 

$(-A) = (/)(AH-ffi) (13.57) 

for every A G M. Indeed, on the one hand, if Im /a > max(l, 1 — 2min^(Re ai)) (a 
number < 2), one has 



Stt 




r(-f) 



dy = Cfl (fi) 



1 7T 2 C£ 



(13.58) 
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where the left-hand side must be a convergent integral. On the other hand, in the 
lower half- plane, 



1 

Stt 




3 

2 



r(-f) 



dy = Co in) 



1 



7T ^ 



87rr(-f) 



E 



Q 



— -h — 



2 



(13.59) 



a holomorphic function. Thus Cq (/x) extends as a meromorphic function in the 
half-plane Im /x < 2, with the points i(l — 2a£) as only possible poles, and the 
function Cq"(/x) — (7^(/x), meromorphic in the strip 0 < Im /x < 2 with no pos- 
sible poles except i and the points x(l — 2a^), coincides in the strip max(l, 1 — 

2min£(Re a^)) < Im ^ < 2 with the integral ^ co{y)y~^ 

sidering C^(A -h iO) — Cq {\ -h xO) and using (13.54), we find the expression for 
$(-A). 

One should also note that, under the conditions above, the constant in 
the Roelcke-Selberg decomposition of g is given as —Aiir times the residue of the 

__ ilL 

function ^ v(A) ^ ^ 

Theorem 13.6. If |Re {ui zb z/ 2 )| < I, the continuous part of the Roelcke-Selberg 
decomposition (13.50) of the function gl^ introduced in (13.35) is given by the 
spectral density 



<E>(A) = i\ 7T 



f ilil 

C(-*A) 



X E 

e=±l 



XC 



1 — ie\ + 1^1 -h 

2 

1 -h ie\ - 1 ^ 1 + 1^2 

2 



1 -|- is\ “h — 1^2 



1 — ie\ — ui — 1/2 



The constant term is zero. 



(13.60) 



Proof In view of the expression (13.48) of 5 q(x/), the remark above applies: indeed, 
on the one hand |Re ( ) | < |; on the other hand, setting 



cj(y) = {C{i)fyi j 

CTj,i(ln|)cr^,(|n|) 



^ — 27Ty{P-2n) 



dt Si 62 2 ^ 2 ^ 



£l =lbl 



n^O 



ki+i^2 



char(t"^ > 2n) 



t — El \/t‘^ — 2n t — £2 \/t‘^ — 2n 



(13.61) 



we proved in (13.44) that Cq(x/) = 0{y 2 ) for ^ 00 , which proves the conver- 

gence of the integral Cg(y) y~^~^ dy when Im /x < 2. We may thus set 



roo 

dy, 

Jo 



(13.62) 
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a convergent integral when 1 -h 1 ^^ ^il+|Re i/i| ^ ^ < 2 , which can also be 

written (integrating first with respect to dy) as 



2 ; 



/ — 2n) ^2 £162 t — — 2n t — S 2 \/C — 2 n 

Jt‘^>2n LI 



£1 =il 

£2 = il 



dt . 



(13.63) 



Denoting as Z;^(z/i,z/ 2 ) the integral which appears on the second line of this last 
formula, one has, if n > 1 , 



/ oo 

|sinh 5 p^“^ ^ 61 ^2 d 5 

£l=±l 

£2=il 



(13.64) 



and 



/ OO 

(coshs)*'^-! Y, 

£l=±l 

£2 = il 



I\{i'i,i'2) = {2n) 2 



(13.65) 

Both integrals converge if — 1 H- |Re z/i| + |Re z/ 2 | < Im /i < 2 (for the first one, 
the sum must be expressed as the product of two hyperbolic sines, as in (13.43)). 
Also, it is immediate that 



/ oo poo 

lsinhs|*^-ie-‘^*ds = 2-*^^ / |1 

-OO Jo 

= 2“*'^r(i/x) 



r(i^f^) r(i^^) 

^1+i^ + 



if —1 + |Re z/| < Im // < 0, and that 

/ oo 

(coshs)*^-^e-'^* ds = 2“*'" 

-OO 



.„r(i^)r(i^) 



r(i-iM) 



(13.66) 

(13.67) 



if — 1 + |Re < Im /u. 

Observe that these two integrals add up to 






-I- 



r(i^^)r(i±f^) 



-t 



r(i=f^)r(i±f±^) T{iii)r{i - in) _ 



(13.68) 
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which is the same as 






71(111 — v) Tiiiii-fy) 
cos hcos hSmTTZ/i 



r (if.) r ‘ \ r ( 

7T 



7Ti/ . ma 

cosy + sin — 



7T 



7r(iu) 7r(l— iu + n) 7 t( 1— iu — i^) 

X cos cos cos : 

2 4 4 



= 2^“*''7T^ 



r(z/x)r(i^:f^)r(i^^) 



l + '^M 1— 2// 3 — 2/Lt+I/ 1+i/i — 1/ 3 — 2/X — 1+Z/X+t/ j ' 



Using the duplication formula for the Gamma function [31, p. 3] 

r(.) = 2 '-V-Sr(|)r(i±l), 



this is the same as 



2 *^7T2 



1 TCf)TC-^^)T{i^^) 



r(i^)r(i±^)r(i±^) ' 



(13.69) 



(13.70) 



(13.71) 



Thus, from this result and (13.63), when 1 + |Re ui\ -f |Re U 2 \ < Im // < 2, one 
has 

T^/ z/2 \ -p/ 2— ■iAt \ T^i' 1 — iii—ui —ev2 \ T^f 1 — +ei^2 ^ 

1 . . _ ^ ( 2 )^ 2 ) V r ^ 4 ~ Ml ^ 4 -) 

^ p^ 1-2/X ^ ^ pj- -£U2 j p^ l+i/i + l^l+£l/2 ^ 



X 

n>l 



-1-1^1 -1^2 



^(n)cTff2(n) . (13.72) 



On the other hand ([48, p. 163] or [25, p. 232] or [62, p. 144]) a formula due 
to Ramanujan yields 



crf.i(n)(Tff2(n) = (C(l-v)) ^x 



n>l 






(13.73) 



if Im jjL> 1 + |Re vi \ + |Re 1 ^ 2 1. 
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From the functional equation (3.19) of the zeta function, 



r( ) r( 1 X / 1 _ ^ ^ 

l + iM+^l+g^2 ^ p^ 1 + 2/X— 1^1— gl/2 ^ ^ ^ 2 / ^ \ 2 



= 7T-*'' C 



1 + i/i + I/l + e«/2 \ / 1 + i/I - 1^1 - ££^2 



(13.74) 



r(f) 

r(i^) 



i^(C(i-v))-^ = 



(13.75) 



0i(/i) = X I] £ 



(13.76) 



which concludes the proof of Theorem 13.6, with the help of (13.57). 



Remark. As this is immediate, one may observe (though this has to be true by the 
very construction of $) that the function 



C*(-iA) $(A) = iAr r X ^ £ 

Yl-i£A+i^l+|i2 V/ l+i£A+t^l-t^2 V/ l+^gA-i/i+^'2 V / l-i£A-t/i-ti2 



(13.77) 



IS even. 

Theorem 13.7. Assume that |Re {ui ± U 2 )\ < 1 and set 

E (1+ +^ 2.2).^"^^ 

£l = il 

£2=il 

r C(-eiiii)C(-£ 2 t^ 2 ).gi, nn+e,.J Y (13.78) 

where has been introduced in (13.15). Then, for every A" > 0, the function 

A^gl^ 1/2 L^(r\n). The continuous part of the Roelcke-Selherg decomposi- 
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tion, analogous to (13.50); of is given by the spectral density 

r(f) 



$(A) = -Ytt- 



C(-iA) 



E 

£ = ±1 



l—i€\-\-r'i-\-r'2^^^^'fisX-\-i'i—U2^^^^-\-isX—i'iTi^2^^f l—isX—iyi—iy2 



(13.79) 



The constant term is zero. 



Proof. Just as in (13.30), we now set 

( 13 . 80 ) 

mGZ 

Rather than redo the whole proof, let us indicate what is to be changed. From 
the expansion (13.27) of the main contribution to and the remark that 

a similar treatment applies to the terms we have neglected writing in (13.16), 
it is clear that, changing al(y)^ {'m; ui ^ h'2] y) and a^(m; z^i, z/ 2 ; 2/) to 

ag(^), cL^iy), o?{m] 1^1, 1^2; y) and a^(m; ui^U2]y)^ the calculations between (13.30) 
and (13.34) will apply to ^^ter we have made the modifications that corre- 

spond to applying mad {2m{P XQ)) to each operator involved. For any operator A, 

(u\i \2i7r{PAQ — QAP)u\i^ = (^—2inPu\i \AQu\i^ — (^Qu\i \ A{2inP)u\i^ 

(13.81) 

and applying Q {resp. 2m P) to u\i{t) amounts to multiplying it by t {resp. 

z 

t~^ — 2m zt). This provides us with the extra factors that must be inserted below 
the various dt-integrals between (13.31) and (13.34) so as to change the notions 
relative to corresponding ones relative to within the first term 

on the right-hand side of (13.31), which gives aQ(i/), insert the extra factor 

^1 ^2 + 2mzt)t — t{t~^ — 2mzt)\ = Si 82 [—2 -h . (13.82) 

The presence of 8182 in this extra factor ought to be explained: it originates from 
the application of (13.13) (the same will occur presently with (13.10) instead) and 
the fact that Pu\i and , contrary to , are even functions. Within the 

second term from the same integral, insert 



^1 



[ — 2n 



-h 2mz8\\/t‘^ — 2n 



£2 



\/t^ — 2n 



— 8i\/C‘ — 2n 



^2 



— 2n 



— 2 mz 82 V^ — 2n 



= 8182 [—2 -h 4:7ry{t‘^ — 2n)] . (13.83) 
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Under the integral on the right-hand side of (13.33), which gives a^(m; 
insert the extra factor 






(C — 2m) 2 



t 



-j- -f- Airy t {t^ — 2m) 2 



t {C — 2m) 2 

finally, within the integral (13.34), insert the extra factor 
'C — 2n — 2m\^ ( C — 2n 



(13.84) 



^ 1^2 



— 2n 



—2n — 2m 



+ Airy {C — 2n) 2 (r — 2n — 2m) 2 



(13.85) 



In the proof of Lemma 13.5, the main term (13.37), differing by some error 
term in L^(r\II) from the Eisenstein series (13.36), originated from the integral 
(13.38): in view of the correcting factor (13.82), this integral has to be replaced, 
now, by 



-2 

J — 00 



= 4 7T (^(-S2 V 2 ) 



I 1 - eivi - e2V2 \ p / 3 - eiPi - S2i^2 \ 



,1+ 



£izyi+£2t^2 



l + £l 1^1 +£2 1^2 . s 

-2w 2 (1 -(. -j. £21/2) 



1 - SlVl- 62^2 



£l^l+£2t^2 



X r ( ^ 1 Ci-e:ii^i)C{-£2i^2)y^'^ ' 



(13.86) 



up to an error term in L^(r\II), all this coincides with 

^ l + £li^l+£2t^2 . . ^ 

-2n 2 (l+£iJ/i +£ 2122 ) 

xr(i — C(-£i t^i)C(-£2i^2)£^i| »i-i+^2-2 (z), 

(13.87) 

which provides the linear combination of Eisenstein series to be considered on the 
right-hand side of (13.78). 

The rest of the proof of Lemma 13.5 called for the examination of the second 
term • • • on the right-hand side of (13.32) together with that of the series 

Ylm^o ^rn(y) ' As obscrvcd in the proof of Proposition 13.3, factors like 

C — 2ni or C — 2 u 2 are rather harmless in all estimates, since all can be assumed 
to be O(logt) in the domain of the t- variable where the exponential is not an 
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0{t~^) for N as large as one pleases: however, the presence of eiS 2 in the extra 
factors which precede requires that, as in the proof of Proposition 13.3, we should 
appeal to the identity 



Any 



^ n 1/9 ^ xi f — 2ri2 \ ^ 



— 2ni \ ^ 

- 2u2 J 



^-27ry(t^-ni-ri2) 



2ri2)i 



(13.88) 



already used between (13.20) and (13.22), and perform, in the terms with ni > 
1, n 2 > 1 , the corresponding integration by parts. Let us also recall, from (13.23), 
that 



- Si\/C - 2 ni t- 62 V - 2^2 ^ 



Sll^l t 






821^2 t 



-1 



\/t‘^ — 2 n\ — 2 u 2 



H“ t 



t - si\/t‘^ - 2ni| |t - £ 2 \/^^ - 2 n 2 | , 

(13.89) 



a function which, after having been multiplied by {C — 2ni)^ {C — 2 u 2 )^ (a factor 
originating from (13.88)) is an 0(tl^® i^il+lRe ^ uniform with respect 

to ni > 1, 722 > 1. 

Then the end of the proof of Lemma 13.5 extends to the new situation, which 
proves the first part of Theorem 13.7. 

The second part is of course modelled on the proof of Theorem 13.6. The 
function cj(y) introduced in (13.61) must be replaced by Cq(^), obtained by plug- 
ging the extra factor ei S 2 [— 2 + 47r^(t^ — 2n)], from (13.82), under the integral, in 
all terms with 72 < 0. When 72 > 0, on the other hand, we must use the integration 
by parts provided by (13.88) and (13.89), substituting for the preceding expression 
the new extra factor (which can also be read directly from a comparison between 
(13.20) and (13.24)), in the case when rii — U 2 = 72, 

-El 82 [{Eiy\ + £2^2)t~^{f^ - 2t2)^ + - 2t2)] . (13.90) 



After the dt-integration has been carried, one sees, observing also that 

poo poo 

/ ^-27ry{t^-2n) j_2 ^ / ^-2'Ky{f^ -2n) ^ 

do do 

(13.91) 

that must be replaced by 0^(/i), a function which can be decomposed in 

an analogous way, separating the terms with 72 < 0 from those with 72 > 0: the 
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integrals z/ 2 ) and z/ 2 ), with n > 1, have to be replaced by 1 ^ 2 ) 

and 2 / 2 ), where is obtained from z/ 2 ), in (13.65), by 

deleting the factor 8162 and multiplying the result by — i/r; also, since the factor 
(13.90) becomes —Si 82 [{sii'i -t- 821^2) tanhs -f (tanhs)^] when t = ( 2 n )2 coshs, 

/ oo 

I sinhsp^ (cosh 5 )-^ 

-00 

[81^14-82^2 + tanh s] ^ ds : (13.92) 

£\ =±1 
£2 = il 

it is essential to note that the integral still converges if — 1 + |Re | -f |Re Z/ 2 I < 
Im /r < 2 since 

£l =±1 

£2=il 

= 2{yi + z/ 2 ) sinh(z^i + V2)s + 2{vi — V2) sinh(i/i — i'2)s . (13.93) 

However, to compute 7^(z/i,z/2), it is much easier, relying on an argument 
of analytic continuation at the end, to assume to start with that — 1 -f |Re ui] + 
|Re i/ 2 | < /i < 0, in which case the calculations from the proof of Theorem 
13.6 can still be used: when going from 7^(z/i, i/ 2 ) to 7^(i/i, ^' 2 ), all that has to be 
done, again, is to forget the factor 8182 and multiply the result by —ip.. Thus, to 
modify the expression (13.76) so as to get (j)‘^{p) in place of <l>^{p)j it suffices to 
delete the factor 8 and multiply the result by —ip: this leads to (13.78). □ 



14 The Roelcke-Selberg expcinsion of functions 
associated with the discrete p£irt 



We now come to the computation of the orthogonal projection of 9h,iy2 

onto the finite-dimensional subspace of L^(r\H) corresponding to the discrete 

eigenvalue ^ ^ : we repeat that all the X^s are distinct. Again, we start from the 
Fourier series expansion (13.47), which defines the coefficients bl^{y). 

The recipe [62, Theorem 7.4] calls for the examination of the analytic con- 
tinuation as meromorphic functions in the entire plane of the functions ( m 7 ^ 0 ) 



CM = ^l bl{y)y-i^^^dy, 



initially defined when Im p > 0: then one has 
i9l,,u2)k{z) =y^Y^^ 



: 7 T m ' 



^2iTrmx 



(14.1) 



(14.2) 
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with 

i A 

dm = —Siir \m\~^ x residue of Cm{h) at // = • (14.3) 

Actually, the theorem quoted is slightly different: there, it is assumed that one 
has first substracted from the function g — € L^(r\II) to be analyzed the 

continuous part ^cont of hs Roelcke-Selberg expansion, and that the coefficients 5^ 
are relative to the difference g—gcont- Thus, the contribution to the integral Cm{h) 
of what comes from the function ^ 4>(A) B i-ix dX must be analyzed too: 

this is possible since, from Theorem 13.6, we now know ^(A) explicitly. In a quite 
comparable situation, the relevant contour deformation argument has been given in 
[62, Theorem 11.1], and there is no need to repeat the rather lengthy proof here: in 
view of the behaviour [31, p. 13] at infinity of the Gamma function on vertical lines, 
and of the classical estimates [49, p. 149, 161] of t ^ oo, within the critical 

strip, or of (13.60) gives an inequality |^(A) < C e~~^ |A|^, |A| oo, 

for some 6, and the proof of the quoted theorem used exactly the same [62, (11.8)]. 
Let us just emphasize, as a consequence of the analysis, that ^cont contributes to 
Cm{h) a term which has no poles in some open half-plane containing the closed 
upper half-plane except points — icj, uj a non-trivial zero of the zeta function. Since 
none of these poles is real, this is of no consequence for our present purposes. 

Despite the fact that contrary to gl^ does not belong to I/^(T\n), 

we may also substitute for Cm the function defined in the same way (but only 
when Im g is large) after a]^{y) has been substituted for 5^(?/): this would amount 
to neglecting the extra term on the right-hand side of (13.49), the complex con- 
tinuation of which indeed does not contribute to Cm{h) on the real line 

since [31, p. 91], for Im g > 1 |Re ui \ -f |Re Z/ 2 I, 



/ y ^ ^ ^i±£iiii±£ 2 ii 2 (27r|m|7/) 
Jo 2 



2 -^-^ (27r|m|)¥ p / 1 - + £2 ^2 \ p 



-l-ig- El Vi - S2 

4 



The integrals involved in this section, contrary to the ones that led to The- 
orems 13.6 and 13.7, cannot be computed explicitly: the good news is that, now, 
only the singularities of Cm{h) h crosses the real line are of interest, so that we 
may neglect all terms which extend holomorphically a little below M. In particular, 
we may substitute for Cm{h) function 




where a^(m; z/i, z/ 2 5 2/) was defined in (13.34). 
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We first remark that, when Im /i is large enough, one can exchange the signs 
of summation and integration, in other words that the series 



E 

n^O 
n^ — m 






Ini'll |n + m |'^2 



r>‘^ / E 

4o J 



^2 



ei=±l 

£2 = il 



t~eWt^-2n t - S 2 Vt^ - 2n - 2m 



dy. 



(14.6) 



in which the last integral is carried over the set defined by > max(2n, 2n + 2m), 
is convergent: this has actually been done in (13.46). 

Starting from (13.34), with C(l) = 2i , using (14.5) and performing the 
d?/-integration first, we get, for Im fj, large enough. 



CM = 2 






-1 



ip. 

~2 



E 

n^—m 



aui{\n\) (T,,^{\n + m\) 
\n\''^ \n + m\^'^ 



(14.7) 



with 



/.§ 



,{n\m): = 



£l ^2 



ei=±l 

£2=il 



t — Si \/C — 2n t — S 2 \/C — 2n — 2m 



{C — 2n—m)^ ^ dt , 



(14.8) 



where the integral is carried over the same set as above: recall that C—2n—m > \m\ 
on this set. 

Our problem (still under the assumption |Re (z/i ±z/ 2 )| < 1) is to understand 
the function Cm up to an error term which holomorphically extends slightly below 
the real line: it should be emphasized that m is kept fixed throughout. Since 

= ^_^(|^|) = O(|nr-(0’-^^ C logi^i) 

|np 

as \n\ — > oo, we should begin with an expression of up to an error 

term in 0(|n|"), with o; < — 1 + min(0. Re vi) + min(0. Re V 2 ). As 



-m) - Iv 2 ,ui (n - m; m) , 



(14.9) 



it suffices to consider the case when m > 0. 
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The integral converges as soon as 

Im fi > |Re 1/1 1 + |Re i/2 1 — 1. 

When n oo, we set t = dz(2n + 2m) i coshs, so that 

poo 

— ^ ^ ^ ^ 

= “4(2n + 2m) 2 / ^ £1 sinh(i/2s) 

♦^0 LI 



coshs — Si ( sinh^ s + 



n + m 



sinh 5 + 



2n -t- 2m 



sinh s ds ; 
(14.10) 



when n ^ — (X), setting t = \2n + 2m| 2 sinhs, 



poo 

— 1 -|- -|- 1^2 A*' / % ^ 

Iiyi^jy^{n;m) = -4|2n + 2m| 2 / \ si sinh(i/25) 

Jo 



cosh^ s + 



In + ml 



Si sinhs ( cosh^ s + 



|2n H- 2m| 



cosh s ds . 



(14.11) 



When n 00, ^ £1 | coshs - €i (sinh^ s + ^ sinh(i/is) 

and the same holds, when t —00, for ^Si |(cosh^ s + -£i sinhs|‘'i: 

thus, if Im /i < 2, as well as Im /i > |Re z/i| + |Re Z/2I — 1, 



1+»^2 + ^P- + 5 -l + t/i+t/2+i/M- 



^ 2 2 |n| 2 C=^(i/i,i/2;/i), n ^ ±00 , (14.12) 



1 

(7“^(z/i, i/ 2 ; /i) = - / sinh(i/i5) sinh(i/25) | sinhs^^”^ ds = 2~^^~^T{ip.) 

^ J —00 

~r( j 1 — ^ p^ 1 — 1^2 ^ p^ 1 — 2 /i — l^i+I /2 j 

^ p^ ^ p^ l + ij^+^l+t^2 ^ p^ l + 2/i + t/i-t^2 ^ p^ l + Z/i-l/i+^2 ^ 

(14.13) 

(a function without singularity at /i = 0 or i), where we have used (13.66), and 

^ roc 

C” (i/ 1 , i/ 2 ; /i) — :;5 / sinh(i/is) sinh(i/ 2 s) (coshs)"^~^ ds = — — — 



(14.14) 
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In the case when Im /x < 1, the error term that remains when replacing (^5 

^ / \ ^^11 — 3 +Re (i^i -^-1^2) fx ^ 

by the right-hand side of (14.12) is an 0(ln| 2 )^ and the exponent 

-3+Re indeed less than —1 -h min(0,Re vi) -h min(0,Re U 2 ) {cf. 

what immediately precedes (14.9)) as soon as Im /x > |Re ui \ -h |Re U 2 \~l. As we 
assume |Re (z/i zb 1 / 2 )! < 1, it follows from (14.7) and (14.12) that, when applying 
(14.2) and (14.3), we may substitute for Cm{h) f^e function Dm{p) defined as 

= E a^,^{\n + m\) n 

n:^—m 

_ I ^ — ^1 — _ 

X C'^(i/i,z/ 2 ;M) + 2^ ajy^{\n\)ajy^{\n-fm\)\n\ ^ C~{i'i,V 2 \h) 

n< — 1 
n^—m 

(14.15) 

A neat simplification occurs when we consider, instead of C“^(i/i,i/ 2 ; h) a,nd 
C“(z/i, z/ 2 ; tfieir sum and difference. In view of the expression (13.71) for the 
sum of the right-hand sides of (13.66) and (13.67), we indeed get 



C'^{t^l,l^2-,IJ') + C ( 1 ^ 1 , 1 / 2 ; + 






JllL 

r(i^) 

^ 1— X/i+t/i — 1/2 ^ 



^ 1+i/x— 1/2 ^ 



^ l + i/^+I^l+I^2 



) r( 



1+Z/L6+1/1-1/2 ^ 



^ l+i/LZ-l/l+l /2 ^ 



Similarly, the difference of the right-hand sides of (13.66) and (13.67), i.e., 









(14.17) 



can be written, following the same computations as those between (13.68) and 
(13.71), as 



+rMr(l+^)r(i^ 



TrUu — n) 7r(ia-j-u) 

cos hcos SmTTX/X 



2^ l--iu-\-r'\ ttUu) , 7t( 1— ixx-hz^) . 7r(l—ia—u) 



22-v ^2 



p^ 1+i/x ^ p^ 1—i/Li ) p( ^ p^ 3+2/2— ^ p^ 3+i/Lt+t/ ^ ’ 



(14.18) 
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which reduces to 



'Pf \ P/ 3— i/x— 1/ \ p/ 3— x/i+tx \ 

^ ^ ^ ^ 4 /V 4 ) 

l—iji ^ 3+x^t— ^ p^ 3+z/x+^ ^ 

It follows that 



(14.19) 



C"^{yi,y2\lj) - C (l'l,U2-,fi) =2 ^7T2 



r(f) 



r(i^) 



p^ 3 — x/x— 1 / 1 — 1^2 ^ p^ 6 — llJL-\-Ui-\-U2 ^ p^ 3 — X/X+IXi— 1/2 ^ p^ 3— x/x— l/i+t/2 ^ 



3+X/X— 1/1— 1/2 j p^ 3+X/X + t/l+^2 ^ 

Finally, we see that (14.2) is valid with 



S+ifi-{-ui-i ^2 ^ p^ 3+x/x- 






(14.20) 



drr 



-8z7t |m| 2 X residue of Dm{h) at yu — 



(14.21) 



if 



D„(/i)=2*'" ^7T ^ (“y) + (-l)-^C' (i/i,z/2;^)] 



J=0,1 



53 '^‘'l(l”l)'^!^2(l« + »^l) l«l 



— 1 — I/*! — 
2 



n^O 

n^—m 



(14.22) 



recalling that signed powers have been defined in (11.26). 

To get at the poles and residues of the two Dirichlet series on the right-hand 

side of (14.22), we shall appeal to the pointwise product and Poisson bracket (11.3) 

of the two Eisenstein series and On one hand, trying to find, by an 

2 2 

application of the same method, the discrete summands in the spectral decomposi- 
tion of these two functions will depend on an examination of the same series: only 
the coefficients will differ. On the other hand, the Roelcke-Selberg decomposition 
of these two functions is known [62, Section 14]. Recall from {loc.cit., Section 12), 
that the Poisson bracket under consideration lies in I/^(r\Il) and, from {loc.cit., 
Proposition 14.2) that the ordinary product ^*-<^2 space after 

2 2 

one has subtracted from it a sum of four Eisenstein series. For short, we shall still 
call Roelcke-Selberg decomposition of the product the sum of the four Eisenstein 
series (which lies outside L^(r\II)) and of the usual Roelcke-Selberg decomposi- 
tion of the remainder. 

For every k, let us denote as {g^J^.^)k {resp. (^^^*^ 2 ^”^)fc) the projection onto 

the subspace of L^(r\II) corresponding to the discrete eigenvalue of the 

product E*_^^ E\_^^ {resp. the halved Poisson bracket , E\_^^}). The 

2 2 2 2 

method expounded in (14.1), (14.2), (14.3) is still applicable. As just said, however. 
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it is necessary to first subtract from the product (this is not necessary when dealing 
with the Poisson bracket) a certain linear combination of four Eisenstein series 
cisijyi, 621^2) E 

^1^1+£2^2 (the coefficients of which can be found in [62, (9.10)] 

^ ' 2 

but are not needed), so as to get a function in L^(r\II) as a result: this is in full 
analogy with the way (13.35) we built the function from denote 

as 5^"^, C^”^(/i), the Fourier coefficients of the product, the function built 
by (14.1) from these coefficients, finally the coefficient defined by (14.3) from the 
residues of the function something entirely analogous goes for the Poisson 

bracket, using the superscript “antisym” everywhere. 

Lemma 14.1. Assume |Re (z/i zb z/2)| < 1* One has 



<^ud\n\)cr^A\n + m\)\n\ ' "'2 

n^—m 

^ + p ^ l-ilI + l'i-P 2 ^ p ^ l-ifi-l'l + l' 2 ^ p 1 - 



(14.23) 



up to an error term which extends holomorphically to the half-plane Im /a > -1-f 
I Re z/i| -b |Re 1/2!- « similar way, 



Crantisym(^) 



2 i 7T 2 



2 _^ o-^i(|n|)cr^,(ln + m|)|n|i ^ x 



n^—m 

3 - i/i + + Z22 \ / 3 - i/i + !/i - 1/2 \ ^ / 3 - i/Li - J/i + Z^2 \ / 3 - i/i - Z/i - 1/2 



(14.24) 



up to an error term which extends holomorphically to the same half-plane. 

Proof From (4.5), one sees that b^^{y), the coefficient of in the expansion 



EX^ (z) Et^ (z) = C"(2/) , (14.25) 

2 2 

mGZ 



is given for m 7^ 0 as the sum of three terms: those which come from the “constant” 
{i.e., independent of x) terms in the expansion (4.5) of one, or the other, of the 
two factors, which do not contribute to the real poles of (by (14.4) again), 

and the interesting part 



bZ^{y)^4y Y, 



n^ — m 



a^^{\n\) + m\) 

I I , 

n 2 n -b m 2 



Rria(27r|n|^) i^i^(27r|n + m|y) . (14.26) 
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Then 



1 7t 1 ‘2 ^ (T^^(|n|)cr^,(|n + m|) 

(W ~ O X./ 2_. 



2 r(-f ) 

n^—m 



n 2 77, + m 2 



X 



.00 ^ 

/ ^ 

o'O 



2 JTjii (27r|n|^) Kii 2 (27r|n + m\y) dy . (14.27) 



The so-called Weber- Schafheitlin integral on the last line can be expressed 
[31, p. 101] as 



-1 



1 + / -r. / 1 — i/i \ \ I I + I 

8^ ^ ^ |n + m|2 



xr 



/ l-i/i-hz/i+z/2 \p/ l-i//+z^i-z^2 \p/ l-i/i-z/i+z/2 \p/ l-i/x-z/i-i/2 \ 
V 4 M 4 M 4 M 4 ; 



, 1 - z/i -h + z ^2 1 - z/z - + i ^2 1 - i/i , / n -h m 

X 21^1 I ^ ^ ; — :: — ; 1 — 



n 



(14.28) 

Since, for fixed m and n — > zboc, the argument 1 — (^^^"^)^ of the hyper geometric 
function is quite close to 0, the value of this function is close to 1, and the error 
committed in the integral by substituting the constant 1 for the hypergeometric 
function would be 0(|n| 2 since = 0(|n| 2 )^ the error commit- 

ted in C^^{y) by this substitution extends as a holomorphic function of p for 
Im /i > — 1 -h |Re I -h |Re Z/ 2 I, a neighborhood of the closed upper half-plane. This 

leads to (14.23). 

We emphasize that, so as to be in position to apply [62, Theorem 7.4], we 
should really consider instead of the coefficient obtained as the residue, 
as in (14.3), of the function Cm associated to the difference between 

2 2 

and the linear combination of four Eisenstein series above: however, from an equa- 
tion similar to (14.4), one sees that the function Cm associated through (14.1) to 
an Eisenstein distribution E-. , eii/l+£2^2 has no real poles. 

2 

Using the formula that gives the derivative of a Bessel function [31, p. 67], 
we get 
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this entails (using (4.5)) 

2 2 

8iw (14.30) 

nin2/0 

with 



2 K^{ 2 'n\ni\y) K!q.{2'K\n2\y) 

+ 7T |ni 1 ri2 (K u-,-2 (27r|rii |j/) + iC ^i+2 (27r|ni |y) (27r|ri2 \y) 

2 2 2 

- Trni \n2\y^ K^{2Tr\ni\y) {Ku2^{2n\n2\y) + K ;^{2Tr\n2\y ) , (14.31) 

2 2 2 

and we have to evaluate the integral 

poo 

y"^cii^:^^i.y)dy. (14.32) 

Jo 



It is out of the question to write its lengthy expression, provided by the Weber- 
Schafheitlin integral (14.28) as soon as Im /r > — 3 + |Re iyi \ + |Re 1 / 2 I (yes, the 
situation has improved): because of the presence of factors like ni, ri 2 , or |ni| n 2 , 
or ni |n 2 |, ordinary powers | |^ as well as signed powers | |i do appear in the 
result of the computation; on the other hand, some of the Gamma factors are to 
be evaluated at — - , and some at Keeping only the “main 

term” just as we have done after (14.28), i.e., replacing all the hypergeometric 
functions by 1, we find 



jm,n 2 ^ 

24 

p^ 3-i/4 + l^l+i^2 ^ p^ 3-2/X+^l-t^2 ^ p^ 3-Z/.t-iyi+1^2 ^ ^ 

X ^ f(=) 

-l + ^^-^2 lyo -3+iM-i^2 »^2+2 A 

Kli ^ + 



Z — iji 



3 — z/x — + i/2 3 — i/x — i/1 — z/2 



4 4 

3 - i/x + i /1 + i /2 3 - i/x + i/i - i /2 



+ 



3 — i/x + i/i — i /2 3 — x/x — i/i — i /2 



i«ii 



— l + iAA — t.^2 
1 



l«i| 

|n2p 



-3 + z^-t/2 






1^2 



3 - i/x + i /1 + i /2 3 - i/x - i /1 + i /2 , , 1 ^ 2+4 

^ 1 Imli \ri2\ ^ 



(14.33) 



We need to substitute for the pair (ni,n 2 ) a pair (— n, n + m) with n ^ 
0, — m, and find a main term as n — > Eoo: thus, since m is to be kept fixed. 
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\m\^ — |n|", \ri 2 \^ = |n + m|", ln2|i = \n -f m\i but |ni|“ — — |n|f. After this 
substitution, the main term of becomes 



1 — ip -3+ 



24 



|n|~ 






p^ 3-2jLt + l/i+t/2 ^ + ^ p^ 3-iM-^l+^^2 ^ pj^ 3-ZM-^l-^2 ^ 

X r(S) 

• I — 3 — Im fjb . 

up to an error term m 0(|n| 2 y, since 

i/i| + |Re i/2|)-i(3+Im m) <- qq 

n^T^O, — m 



, (14.34) 



(14.35) 



as soon as Im ^ > — 1 + |Re v\\ + jRe 1/2!, (14.30) shows that, up to an error term 
which extends as a holomorphic function of /r a little below the real line, one has 



Crantisym(^) 



i{l — ip) 7T 2 

2 ^ r(-f) 



p^ 3— z/x+f/i+1^2 ^ p^ 3— — 1/2 ^ p^ 3-in—Ui-\-U2 ^ p^ 3— Z/X— l/i— 1/2 j 

r(2^) 

X X] + l«li "" : (14.36) 

riT^O 

n^—m 



this ends the proof of Lemma 14.1. 



□ 



So as to state the two theorems in this section, some reminders are necessary, 
concerning the spectral theory of the modular Laplacian A on L^(r\II). Recall 

from the discussion between (4.8) and (4.11) that ( — 4-^) is the sequence of (not 
repeated) even {resp. odd) eigenvalues of A and that the image of the orthogonal 
projection operator P^+ {resp. P ^- ) onto the corresponding eigenspace, consisting 
solely of even {resp. odd) cusp- forms, has a basis of Maass-Hecke forms denoted 

assumed that > 0 for all k. So 
far as we know, it has never been proved that the sets of even and odd eigenvalues 
are disjoint, so that the preceding operators should really have been denoted as 
P\ and P~ : but no confusion can arise. Also, the definition of the L-function 

L*{.,J\f^) associated with an even or odd cusp- form has been recalled in (5.27) 
and (5.28): there is a slight difference in the Archimedean factor between the two 
cases. 

Theorem 14.2. Assuming |Re {v\ ±z/2)| < 1? even eigenvalue of 

the modular Laplacian^ and let 

(^l^l ,i/2 )^:+ ^A^ ’ 



(14.37) 
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where the function has been introduced in (13.35). One has 






-E 



7rr(%)r(^)( 



-iXZ 



ieXl 



l+ieXf -u\-U2 ^ pj' 1-2£A+ +I/1-1/2 ^ l-ieXf -us_+V2 ^ +t/i+t^2 ^ 

=< Ei- K,) i- K.) \\K,r^nt 



k,t ■ 

(14.38) 



In a similar way, if - is an odd eigenvalue, set 

, 1/2 ^X7 9ui^U2 ' 



(14.39) 



Then 

(Pl/l ,1/2 )fcj~ 

= E 



.r{K)r(:^)(S^) 



‘‘"^2 p^ 3+^gA^ — l/j — 1/2 ^ 3 — 2gA^ +1^1 —^^2 ^ p^ ~t~^2 ^ p^ 3+2£A^ +1/1 +1^2 ^ 



E^’f- 



Vi ~ V2 






k,i 



1 I'l — 1^2 



’ ) ll-^A 



'Mr 



(14.40) 



Proof One should first realize that, since an Eisenstein series is an even modular 
form (under the symmetry z — z), so is the product of two Eisenstein series, 
while their Poisson bracket is odd. A function such as {resp. or 

/3i,i/2 /^i,i/ 2 ) (^/* (13.14) and (13.15)), on the other hand, has cusp-forms 

of both types in its decomposition, since it has to do with the composition of two 
operators. 

The Roelcke-Selberg decomposition of the pointwise product has 

2 2 

been given in [62, Section 14]: with our present notation, introduced just before 
Lemma 14.1, one would write {loc.cit., (14.9) and Theorem 14.5) as 









1-ni- 1^2 






1 + Z/l - 1/2 



W^dl|V+||-W+. 



(14.41) 



On the other hand, the Fourier coefficients of (^^^ ^ 2 )^,+ and (^^^^ 2 )^,+ are given 
in terms of the residues at p. — of two functions (taking the place of Ck in 
(14.1)) which are respectively expressed as the even {i.e., j = 0) term in (14.22), 
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and (14.23): now the Dirichlet series involved in both functions are the same, 
only the coefficients differ. Taking the ratio of these two coefficients (recall that 
(7+(i/i, 1^2 5 h) + z^2; h) has been made explicit in (14.16)), we find (14.38). 

In a similar way, [62, Theorem 14.8] together with {loc.cit., (12.1) and (14.61)) 

gives the Roelcke-Selberg decomposition of the Poisson bracket }: 

2 2 

with our present notations, given an odd eigenvalue — 4^, 






I -V1-U2 






ki 



1 + z/l - 1/2 






kl 



iiyc/ir^v 



ki' 



(14.42) 



Now, it is the coefficient of the odd [i.e., j = 1) term from (14.23) that should be 
compared to (14.24), using also (14.20): this leads to (14.40). □ 

Theorem 14.3. Under the same assumptions as in Theorem 14.2, set 

= Px+ = Pxi gl,,u2 > (14.43) 



where was introduced in (13.78). Then 



idl/i V>2 ^ 



k,+ 



-E 



»r{%)r(^)( 



-iA+, 



(V)' 



^ — ^ p^ +t^i — 1^2 ^ p^ 1 — igA^ — + ^ p^ ^ 

X \\K,r^K, 



(14.44) 



and 






E 






— ' y^/3+zeA. -I/1-I/2 

£=±i r( ^ 



xEi* 



4 

1 - 1/1 



j -r^i—^2 ^ 3—ieXj^ — j p^ 



3+jgA^ +i^i+t^2 



Z/2 






kl 



4 

L* 



1 + I/l - z/2 






(14.45) 

Proof. The proof of Theorem 14.2 can be modified into a proof of Theorem 14.3 
along the lines of the end of the proof of Theorem 13.7. To start with, there is 
an extra factor —ip. with the same origin as in (13.91). Next, if we consider the 
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analogue of (14.8) occurring in our present computation, all we have to do, besides 
plugging the extra factor — i/x, is forgetting the factor £ 1 ^ 2 , thus substituting 
cosh(z/is) and cosh(zy25) for the corresponding hyperbolic sines in (14.13) and 
(14.14): this has already been explained after (13.91). The net result is that, in 
(14.13), (14.14), (14.16) and (14.20), the minus sign in front of the product of 
Gamma factors depending on z/i — 1/2 must disappear: this leads to (14.44) and 
(14.45), from a comparison with (14.38) and (14.40). □ 



15 A proof of the main formula 

In this section, we state and prove the composition formula announced in (5.38) 
or (5.62): one may also look at (15.33) for a fully expanded version of this result. 
We refer to Definition 13.2 for a proper understanding of the following statement. 

Theorem 15.1. Let and V 2 be eomplex numbers with |Re {ui ±^^ 2 )! < 1- There 
exists an automorphic (tempered) distribution & satisfying for every 2 ; E II the 
identities 



{U:,\0p{2in S e) u^) = (Op(S'^J'ui)(t)Op(S^J,J'U^)(f)c;t (15.1) 

J — 00 



and 



{ul\Op{2in 8 




3 Op(;j“ J ul)(t) 



-32 _ 3 ^ (Op(g'|ju|)(i)Op()?“,Jw^)(l) 



dt : 
(15.2) 



the distribution & is unique up to the addition of a multiple of the Eisenstein 
distribution €q. One choice of &, denoted as given as 

= V [ C(gj^i)C(g^2) ..8 C(g^i)C(-gt^2) 

Y C{e{ui + U 2 ) - 1 ) C{e{i^i - V 2 ) - 1 ) _ 

+ £'( 1 + ^^ + ^^ ) + (15.3) 

where ^ is the Bezout distribution properly introduced in the proof of The- 

orem 4.3, and C'{s) was introduced in Definition 5.7. 

Remarks. By a sesquiholomorphic argument, the pair {z,z) may be replaced by 
(w^z). The conditions above exactly mean, in the sense of Definition 13.2, that the 
operator mad (2m (PAQ)) (Op(S^5/i) Op(S't 2 )) the symbol 2m f 

in the minimal sense. 

The a/mo5^-uniqueness only is due to the equation iir 8 (Bq = 0. 
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All the difficulties of the proof of Theorem 15.1 are behind us: what remains 
is only a matter of piecing various notions and results together. It is useful to give 
another normalization of cusp-distributions, defining 

= 2^ C(iA+)C(-*A+) : (15.4) 

when /c > 1, >0 and all concepts are introduced between (4.10) and (4.11); 

next, X-k = —A/e and We make exactly the analogous 

definition of (i?^^)^ substituting the superscript — for + everywhere in (15.4). 

The case ^ = 0 of Theorem 4.3 may then be recalled as follows, recalling also 
(c/. (3.2)) that <Bl = 2^ Sl- 

k,i 

+ i E (C(*Afe ) C(-*A,-))-i (5,-,,)» . (15.5) 

k/ 

kez^ 

Lemma 15.2. One has 

= = (15.6) 

Proof. The first equation was already given in (3.4). Since (c/. (2.7)) Q = 2^'^^ ^ T 
and (c/. (4.4)) (01^^)^ is homogeneous of degree — 1 — iA^, one has (not forgetting 

that ET — —TE), Q (01^^ ^)1^, from which the second equation 

follows. □ 



Lemma 15.3. One has 

^'(s) {dtp 



7T2 



r(f-f) 



r( 



1 — s 
2 



4/ 






r(|-%) 



7T2 



r(if^ + i^) 



7T2 



n 



5+1 
2 



4 



r(2^ 






L{s,M+^^){dtp, 

L(sp%,,){dp^. 



(15.7) 



Proof. Since and proportional respectively to and (^^^)^ the 

first identity is a consequence of (5.23) and (5.30); the other two are a consequence 
of (5.24) and (5.30). □ 
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The definition of the function s i— > L*(s,A4) associated with a cusp-form 
A4, recalled in (5.27) and (5.28), is very classical. There is a more precise variant 
adapted to cusp- distributions only: recall from (4.4) that any cusp- form A4j 

associated to the eigenvalue - j— , with j > 1 and Xj > 0, yields two cusp- 
distributions (9Jt±j)^, homogeneous of degrees — 1 — iA^and —1 -hi Aj respectively. 
The map (OTj)^ Adj, on the contrary, is well defined. 

Definition 15.4. For any even cusp-distribution (2Jl^)^, homogeneous of degree 
— 1 — iA“*", A"*" G M, we set 



A(5, (an+)«) = TT^-* L{s,M+) , (15.8) 

where is the cusp- form associated with (911"^)^; similarly, if (91t“)^ is an odd 
cusp-distribution homogeneous of degree —1 — iA“, associated with the cusp- form 
Ad~, we set 

p/HU _ iX~ \ 

A(s, (9ir )«) = TT^-- ^ L{s, M-) ■ (15.9) 

^ V 2 4 i 



Observe that, since 

L’(,,M+) = r ( 1 ^ + 1 ) 1 ) r (I + 4^) A(«,(<m+)<) 



and 



7T5 L*(s, M-)=r + ^) r A(s, (9JT )“) . (15.10) 

the function A(s, (9D1“^)^), just like L*(s,Ad“^), is invariant under the symmetry 
s 1 — 5, and that A(s, (91l“)^) changes to its negative under the same symmetry. 

To define the action of the operator C'{s) on an automorphic tempered dis- 
tribution ©, rather than trying to give a global definition, we assume that 6 
has, in the weak sense in a decomposition into homogeneous compo- 

nents, just like 93^ in (4.24), and we define C'{s)^ componentwise, by means of 
the preceding lemma. In this way: 

Lemma 15.5. Assume that |Re {ui ±U 2 )\ < 1. Then 
2i^£C> gc’ = + + 

(15.11) 
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with 

^cont — 






47T 

-t-^'2+^A ^ —U2—i^ ^ l — h'i^v'2—iX ^ ^ ^ I — U 1 —U 2 -\-i\ ^ 

' *0aK(-7A) " ' "• 



and 









k/ 



C(iA+)c(-a+) 



(15.13) 



finally 

‘^disc o 









C(^'^/e)C( '^^k) 



(15.14) 



Proof That the series and integrals involved are weakly convergent in 
follows the lines of the beginning of the proof of Theorem 4.3. The three terms 
of the decomposition of course refer to the continuous part and the two discrete 
parts of the decomposition of the distribution under study into homogeneous parts. 
From Lemmas 15.2 and 15.3, we find that the image of 3^-;^ under the operator 






(15.15) 



IS 



-p/ 1 + t^l \ P/ l + l^l+t^2+^A ^ 

^ ^ 4 V 4 i / • A \ ^ 

l — v'i +1^2+'^ A ^ l — ^ ^ —iX 

^^1 + z/i-z/ 2-^A^ ^^ l + z^i -?/2 + ^A ^ ^^ l + Z/l + ^/2 + iA ^ ^ ^ 1 + ^1 + ^2 - ^A 

(15.16) 

(do not forget that 2i7rS^l^ = —i^^lx)' Using the functional equation of the zeta 
function in the form 



^^C(5) = 7T-ic(i-«) 



(15.17) 
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this simplifies to 

<[ 5 jc( 2 )<[ 2 2 

(15.18) 

finally, we change A to —A in the integral, finding (15.12) as a result. 

There is no need to redo the computation in order to find 

p/ l + X p/ l + l^i+t/2+^A+ X 









, 1 + I/l - Z/2 . .+ 

^ ^ — >yxi 



\k\,£ 



and 



(15.19) 



p/ l + i^l — \ p/ I + I^I +t>'2+XA^ \ 

^ ^ (iA+) ^)» 



. 1 + Z^i + J/2 . 

X L I :: W, 



^ ^1 + 1^1 - 1^2 ^r- 
2 -• '|fe|/y 2 ’-^1*1/ 

Recalling Definition 15.4, we may write (since = — A^) 



(15.20) 



^ui,u2 \r>k/ 






k j\^-k,£j 

(15.21) 



and, in a similar way. 



(15.22) 

This leads to (15.13) and (15.14) after we have changed k to —k in the series. □ 

Lemma 15.6. One has 

(u,|Op(?»)«.) = C(z^)i^i^(^), 

(wJ|Op(5“)mJ) = -i^C{i')Ei^{z), 

(«.lOp((i?±, )»)«.) = c*(fA±)C(-*A±) 

and 

{ul\omtef)uD = -*A±c(fA±)C(-a±)||y±^,l|-2A/j±y^). (15.23) 
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Proof. The first two equations were given in (3.15) and (3.16), to be completed 
by (3.18) and (3.19). Next, recall from (2.21) that Op^{h) — Op(2“i+^"^^/i) so 
that (4.12) reads 

(u. I Op(2^^ u,) = ,(z) . (15.24) 

The third equation (15.23) is thus a consequence of the Definition (15.4) of (S^J^)^- 
According to (4.13), substituting ul for Uz on the left-hand side of this last equa- 
tion just calls for the extra factor —iX^ on the right-hand side. □ 

Proof of Theorem 15.1. Denote as T the image of the right-hand side under 2m 
i.e., 



e=±l 



(e(z/i + P 2 ) - 1) 



C,{evi) (^{ev 2 ) ^11 

({eiiyi + 1 ^ 2 ) - 1) 



+(1 - £(1^1 - 1 ^ 2 )) 



<X£*(iK(-£^ ~ll 



c(£(i/i - U 2 ) - 1) 



+ 2^cont + '^disc + ‘^d\ 



‘'disc ’ 



(15.25) 



where the last three terms have been defined in Lemma 15.5: we may denote as 
Tside tfie first term. 

What we have to show is that {uz\Op{T)uz) agrees with the function {z) 
introduced in (13.14), and that (u^|Op(T)u^) agrees with the function fl^^y.^{z) 
introduced in (13.15). First, the side terms: we use Lemma 15.6. Since (3.18) 



c*(l - e{vi -f l'2))Ee{u,+u-2) = C*(^(i^i 4 - 1^2) - E)E s(.i+.2) , 

2 ^2 



(15.26) 



one has 



{'^z\Cp(f£s\de)'^z) 

S 1) ^ ^ £i_£!a^(2) 






(15.27) 



or 



(Wz|Op(Tside)Wz) 

= 2E 



-L o 



e=±l>- 

^-<-1—2) „ / 1 + £(l^l - U2) 



C{e^i) C(-£*^2) 



. (15.28) 
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This clearly identifies to the function as defined in (13.35): 

indeed, when S\ = S 2 = — e in (13.35), one gets the first term on the right-hand 
side of (15.28); when si = —S 2 = — one gets the second one. Comparing the 
exceptional terms on the right-hand sides of (13.35) and (13.78), one sees that, 
in order to find the second ones in terms of the first, one has to insert the factor 
which is e{vi -f- 1 ^ 2 ) — 1 when si = £2 — — 1 — — 1 ^ 2 ) when 

£i = —£2 = — these are precisely the extra factors to be inserted in the two 
terms on the right-hand side of (15.28) when changing Uz to ul on the left-hand 
side, as it follows from a comparison between the first two lines of (15.23). Thus 
(uJlOp(Tside)wD agrees with 

Next, the continuous part. Using (15.12) and the first formula (15.23) on one 
hand, (13.50) and (13.60) on the other hand, we must identify the integrals 



1 rf c*(^A) ^ .. 

- — / (— '^A) X .. — — Ei-ix i^z) 

47t7-oo C(*a)c(-*a) 2 



^ ^ l+i^i+t^2+^A ^ ^ ^ ^ ^ ^ ^ ^ l — 

^ 'C(*A)C(-*A) ^ 



(15.29) 



and 



/ ^AtT 2 — — ±-— X > £E i-iX (z) 

SttIoo C(-*a) ^ 

l-ieA+i/i+i'2\ l+ieX+i'\-U2\ J l+i£\-ui+u2\ l-i£\-ui-U2\ ,, 

<( — ^ — Jn — 5 — j«( ^ — j<( — ^ 

(15.30) 



ix p(' lA ) 

which is immediate since C*(^A) E i-i\ jz) = (z) is an even func- 
tion of A. Substituting the study of (i^JlOp(Tcont)'i^ 2 ) of {uz\Op(%cont)uz) ^ 

we must insert under the first of these two integrals the extra factor — zA, thus 
changing i£\ to — A^ in the second: comparing (13.79) to (13.60), we are done. 

Finally, the discrete parts: we must draw the reader’s attention to the fact 
that, in Lemma 15.5, the index k can be positive or negative: but, in Theorems 
14.2 and 14.3, one has k > I since we are dealing with the Roelcke-Selberg de- 
composition on n, not with decompositions into homogeneous parts on M^. From 
(15.13) and Lemma 15.6, immediately reducing the domain of k in (15.13) to 
{1, 2, . . . }, one gets 




(15.31) 
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Since, from (15.10), the product of the two A-functions on the last line is also 



( 






) 



(15.32) 



the right-hand side of (15.31) is just the same as that of (14.38). Exactly the same 
computation works for the part: only 



L* 



\k\/ 






\k\/ 



finally, from Lemma 15.6, substituting u\ for Uz again calls for inserting the extra 
factor — {k G Z^), i.e., —isX^ after we have reduced k to the set {1, 2, . . . }, 
and a comparison between Theorems 14.2 and 14.3 finishes the proof of Theorem 
15.1. □ 



Remarks. 

1. It is instructive to check the coherent way under which the data and results of 
the formula 



e=±l 






Cjeiyi) Cjsi'2) ^11 



[ + P2) - 1) - 1^2) - 1) 2)-i 



+ ■ 



(,{eui)C,{-ev2) 



oo 1+^^1 +t^2+iA ^ 1+^1 —V'2—i\ ^ 1 — 1^1 +1^2— iA ^ 1 — 1/1 — t/2+^A ^ 

^iX TTTTT-TT dX 






C(iA)C(-iA) 

A(l±i^, (^± )#)A(i±i^, )#) 






C(iA±)C(-iA^ 



(15.33) 



transform under the symmetries Q and discussed in the remark following 

(5.3), as well as under the complex conjugation. From the functional equation 
0p(^6) = 0p(6)C = C0p(6), with Cu = u, valid for every automorphic 
distribution 6, and from Lemma 15.2, one expects the formula ~ 

Sti#^l 2 ’ Using the equation A(1 - s, = ±A(5, check 

that it is indeed satisfied. The equation ~ 

fied in the same way, tho ugh it is slightly more fun to check. From the equation 
0p{T^i^6) u = 0p{6)*u - note that this is also 0p(6)'u where 0p(6)' is the 
transpose of 0p(6) - together with we see that we must expect 

that which can indeed be asserted from (15.33) and 

the equation Finally, since taking the complex conjugate 

of some symbol amounts to taking the adjoint of the associated operator, one 
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should expect the relation verify this, one may suc- 
cessively check that A/j^l ^ ^ (from (4.3)), (^^^)*^ = dz(^^^^)^ (from 

(4.12)-(4.13)), {dki)^ — (from (15.4)), finally use the already quoted 

relation A(1 - s, ^ 4iA(s, 

2. The first and second lines of the right-hand side of (15.33) are related. Indeed, 
if one introduces the function 






1 + ^1 —U2—i^l 
2 



)C( 



l — y\-^U2- 
2 



ifj, 



)C( 









(15.34) 



which appears, when /i = A G M, as the integrand in the second line, the first one 
is exactly 2i7r times the sum of the residues of F at the poles of the product of 
four zeta functions upstairs; the other poles of F, which originate from the zeros 
of do not contribute to (15.33). 

The reason for all this is the following: Theorem 15.1 extends to more general 
values of (z^i,z 22 ), provided only that Re {ui F U 2 ) ^ ±1. But the number of 
exceptional terms (the ones on the first line of the right-hand side of (15.33)) 
is in general four minus the smallest number of times one must cross the union 
of the four lines Re ± 1 ^ 2 ) = il to link the actual value of (Re z^i. Re 1 ^ 2 ) 
to (0,0). Each exceptional term on the right-hand side of (15.33) is connected 
not to a change of contour in the dA-integral, but to a discontinuity of the dX- 
integral, always taken on R, whenever (Re z^i. Re U 2 ) crosses any of the four lines 
Re (z^i ib z/ 2 ) = ±1; something similar occurs in [62, Proposition 14.2]. 



16 Towards the completion of the multiplication table 

In this section, written for the sake of (almost) completeness, we compute, with 
the same meaning as in Theorem 15.1, a sharp product such as 5^5,#(S^^£)*^ instead 
of An identity 

.2-H-£q3, (16.1) 

similar to (15.3), will be written: constructing the operator 77.' (^^, (S^^^)^) taking 
the place formerly taken by the operator £'( - — ^— ) Q will depend 

on “convolution L- functions” , a classical concept recalled in (16.19). 

At the end of the section, using Eulerian products, we shall show that - with 
one possible, but unlikely, exception - one can give a unified expression for all 
coefficients involved in the decomposition into homogeneous components of sharp 
products of “elementary” automorphic distributions. 
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Before embarking on the rather lengthy, if straightforward, computations, 
there is one point which we wish to stress. One rather interesting feature of the 
main formula (15.3) for was that it has been possible to factorize, as 

£/( i+t^i +^^2 'jg C'(^ i+t^i -^2 operator transforming into the main 

part of decomposition was explained, in a heuristic way, in Section 5. 

No such decomposition is possible in our present investigations regarding 
' The reason is that, for Eisenstein distributions only, the Hecke 

polynomial (corresponding to ^ , a normalization chosen so that the first 

^ ~2~ 

Fourier coefficient should be 1) 

X){1 -p^ X) (16.2) 

P2 

(where p is prime) factors as a product of two meaningful polynomials: for giving 

(BI, rather than£^^ only, singles out the degree of homogeneity — 1 — z/ from 
~2~ 

the pair (—1 — z/, —1 + z/). We do not know how to split into the product of 
two distinguishable factors the Hecke polynomials relative to cusp-distributions, 
a rather deep question which will have to be raised again at the very end of this 
section. 

Coming back to more down-to-earth developments, recall from (4.3), (4.4) 
that if A4\r\ is a cusp- form with a Fourier series expansion 

M\r\{x + iy) = j/5 bn Ki^ (27t \n\y) , (16.3) 

n#0 



the associated cusp-distribution DJll homogeneous of degree —1 — iXr (where 
can be positive or negative) is given by 



= iy |n|‘2" / \t\ ^ di (16.4) 

n/0 



or, in view of (10.1) and (10.3), together with a F-invariance argument, 

1 






iX-r 

cy / j “ 'f' '"n 7 



(16.5) 



where has been defined in (10.4). 

Recall from (13.9) that the “non-constant” part of S'J,, i.e., the sum of all 
terms from the right-hand side of (13.9) with the exception of the first two terms 
(the analogues of which are absent from the expansion of cusp-distributions) is 
given by the same expansion, with z/ substituted for i\r and 



bn = 2 “ 



|n|f 



(16.6) 
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In order to complete our multiplication table (with respect to the sharp prod- 
uct of automorphic distributions), thus arriving at a genuine symbolic calculus of 
(pseudodifferential) operators with automorphic symbols, what would remain to 
be done is a set of explicit formulas for the sharp product of an Eisenstein distri- 
bution and a cusp-distribution (in any order), or that of two cusp-distributions. 
We shall satisfy ourselves with the first of these two problems: also, let us remark 
that it was precisely with this purpose in mind that we chose the method of proof 
of our main theorem which was developed in the Sections 13-15, rather than that 
suggested by the heuristic considerations of Section 5. 

Indeed, there is very little to modify in our preceding computations, besides 
changing the coefficients bn. As a matter of fact, the new situation is easier, since 
there are no “constant” terms to worry about, and we do not need to substract 
any linear combination of Eisenstein series from the analogues of fix 

so as to get a result in the space L^(r\II); moreover, in order to find the integral 
term of the decomposition, one may appeal to the usual Rankin- Selberg method 
rather than the more elaborate version between (13.51) and (13.59). 

Consider the case of a sharp product 0 = with as is usual and 

dJll given by (16.4): we assume that OJlJ. is associated with an even or odd cusp- 
form, i.e., that the coefficients bn are even or odd functions of n. It should be 
understood right away that the meaning to be ascribed to this is only indirect, 
just as in Proposition 13.2: that is, we define only 2i7r£ 6 in the minimal sense, 
denoting as functions on the right-hand sides of (13.1) 

and (13.2). 

Following the same proof as that of Theorem 13.6, and using (16.6), we must 
substitute for the series 2 2 ^ which occurs on the right- 

hand side of (13.63) the series 



n/O FI ^ 



(16.7) 



besides substituting v {resp. iXr) for i^i {resp. z/ 2 ) everywhere. In the case when 
A4\r\ is an even cusp- form, say Afpi = A/j^l we must thus substitute for the series 

cr^i(n) (Jy^{n) on the right-hand side of (13.72) the expression 



2 2 2 

n>l 



<Ju{n) bn , 



(16.8) 



which coincides when Im /z is large [62, (14.37)] with 

1 — ifi — V 












\r\/ 



(16.9) 



In the case of the odd cusp- form M = the calculation is just the same, 
except for the fact that the difference, as computed between (14.17) and (14.19), 
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of the two integrals in (13.64) and (13.65), rather than their sum as computed 
between (13.68) and (13.71), should occur: comparing the results of the two cal- 
culations, we see that the odd case differs from the even case only in that each of 
four Gamma factors on the right-hand side of (13.72) has to be computed at the 
point L ± , ia±(£ i± ^^ 2 l _ 

Proposition 16.1. Let u be a complex number with |Re iy\ < 1, and consider the 
cusp- distribution (5^^)^ cis defined in (15.4).* r can be either positive or negative, 
in other words so can be the sign of A^. In analogy with (13.14) and (13.15), set 



/ oo 

(Op(i?|) wV )(t) dt 

-OO ^ ^ 

id 

= J [3(Op(5'|)u^p(t)(Op((S'+^)>‘)w?_pW 

-35 ^ (Op(5|) (Op((5+,)#) ul7){t) 

p=0,2 



dt : 



(16.10) 



(16.11) 



these two functions lie in L^(r\II). 

The spectral density 4>i in the Roelcke-Selberg decomposition (4.1) of the first 
of these two functions is given by the equation 



$i(A) =iA7T-^ 



r(f) 

C(-iA) C*(iA+)C(-lA+) 



X Y. s 

e=±l 



A 



1 -f- i\ “h V 
2 






A 



\-\-i\ — V 
2 




(16.12) 



(recall that the functions A(s, (ffH^)^) have been defined in (15. 8) j, and that asso- 
ciated with the function given by the formula 



^2(A) = — A^tt '2^ 



r(f) 

C(-iA) C*(iA+)C(-iA+) 



xE 

e=±l 



A 



1 “h iX “h 
2 






1 -f iA — Z2 
2 




(16.13) 



In the case when attention is paid to an odd cusp- distribution (S^^^)^; the 
spectral density associated with the function or given by the 

same pair of formulas, only substituting A~ for Xf. 
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Proof. Start with the function . Following the proof of Theorem 13.6 and 

using also (16.9) together with (15.4) (which provides the extra factor from (91^^)*^ 
to one finds that 4>i(A) = 01 (—A), where 0i(/i) is defined as 



... i:^r(f)r( 

01 (m) = TT " 



r(i^) 



E 



^ V 4 






e=±l 



n 






C(a+)c(-a+) 

C(i - v) 






1 — ifi + u 






1 — ill — u 



•K\. 



(16.14) 






The definition (15.8) of the functions A(s, (9110)^) yields the identity 

p^ 1 — t/— giA+ ^ p^ 1 — ^ 
p^ 1+i/i,— £ zA^ ^ P^ 1+^m+^^+£^A^ ^ 

A f A f P-li,,)- I , (16.15) 



xL 



+ . r+ \ . 0 l-ijl-V .+ 

2 2 



from which one easily gets the first of the four equations stated. When changing 
to , all that has to be done (following the proof of Theorem 13.7)) 

is to suppress the sign e right after the related summation sign, and multiply the 
net result by i\. 

When substituting an odd cusp- form (i?^^)^ for (S^^^)^ one sees (from what 
has been said immediately after (16.9)) that each of the four Gamma factors 
p^ i± 2 /x±(^+z£A^ ) ^ replaced by F( — ^ ): but this difference dis- 

appears from the final formula, since it is taken care of by the extra factors (in 
(15.8) and (15.9)) from L{s,M^) to A(s, (911^)^). □ 



Remarks. 

1. For one’s peace of mind, one should check that each of the two functions 
A C*(“^^) is even. In the first case for instance, using the functional 

equation of the function s A(s, write 



C*(-iA)$i(A) = iA 
A 



iiy+ 



\r\P 



C(iA+)C*(-iA+) 
1 “h iX -|- 11 



E 



X > £ 

e=±l 



, ) A ( (5+,,)“ ) . (16-16) 



from which this is immediate. 

2. The factor , can also be written as ||(3^t^ where || ||r 

{iXJ ) (^* { — tXr ) inr,^/ Hi II II 

denotes the norm in the space L^(r\M^) introduced in Theorem 4.1: this is 
a consequence of (4.7) and (4.4). 
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We prepare for the analysis of the discrete parts from the Roelcke-Selberg 
decompositions of and by that relative to the pointwise product 

and Poisson bracket of the two functions and A/j^| First, note that 

[ E^{Mi,M2}d/i= [ {E^,Mi}M2d/x (16.17) 

Jr\n ^ Jr\n ^ 

for any two cusp- forms Ai\ and Ad 2 - Indeed, we may assume that each of the two 
forms has a given parity (relative to its transformation under the map 2 ; 1 -^ — 
Next, the Poisson bracket of two functions with the same [resp. the opposite) 
parity is odd [resp. even): it follows that, if and M .2 have the same parity, 
the integrands on the two sides of (16.17) are always odd functions, so that both 
integrals are zero. We thus may assume that Mi and M 2 have opposite parities, 
and write the difference of the two sides of (16.17) as I = Ei^ M 2 } d/i. 

One of the two functions M\ and Ei^ M 2 must vanish on the arc |^| = 1, < 

X < \ since it is odd as well as invariant under the map z ^ this, and the 
periodicity, permits us to evaluate the integral I by parts (going back to the 
definition (11.3) of Poisson brackets) without any boundary term, thus proving 
(16.17). 

If All and M 2 are two cusp- forms with the Fourier expansions 

Mi{z) = y^^bn K i>^{2Tr\n\y) 

^ ^ 2 

n^O 



and 



M2{z) =2/2 (16.18) 

^ ' 2 

it is customary to define the “convolution L-function” associated with these two 
functions [8, p. 73] or [26, p. 231] (the references just quoted emphasize, rather, the 
case of two holomorphic cusp-forms) by the formula, valid for Re s large enough, 
but the function obtained extends as a meromorphic function in the entire plane, 

L{s,Mi X M 2 ) = C(2s) 

n>l 

From the references just given, in particular Lemma 1.6.1 in the first one, one sees 
that, if All and AI 2 are Hecke forms, so that their L-functions have Eulerian 
products: 

L{s,Mi) = JJ(1 - , 

P 

L{s, M2) = H(i - + p~‘^")~^ , 

p 



(16.20) 
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then the convolution L- function also has such a product, given as 

L{s,MixM2) = ll H (16-21) 

P £l==tl 

£2==tl 



where the coefficients f3p and 7 ^ are obtained from the Hecke polynomials 

l-bj,X + X^ = (l- (3pX){l - Ppx ) , 

l-CpX + X^ = {l- 7 pX)(l - jpX) . (16.22) 

The standard Rankin- Selberg method [71, p. 268] makes it possible to prove the 
following lemma, the first half of which could also be derived from Moreno’s compu- 
tation [36] of the spectral decomposition of the pointwise product of an Eisenstein 
series by a (Maass) cusp-form. 

Lemma 16.2. Assume |Re v\ < 1. Then, for any two even Maass-Heeke cusp- 
forms and A/*^ of the same parity, one has (with Afkj/j = 

^ k,=\%r 




{z) Afki (z) (^) 



1 7T*^2 ^ 

3f(T3) 












—u-rh—Xki +Afc2 ) 



)r(i 






x(C(l-^))-'L 



1 - u 
2 



Afki/i xA4s,^2 



(16.23) 



In the ease of two Maass-Hecke cusp-forms of different parity, one has the 
formula 

i Ei^{z) {Mkuei , Mk^,eA(z)dKz) = f ^ 



/r\n 



r(i^) 



^ 3— +^^2 ) 

4 

x(C(l-i^))-iL 



^3 l^~\~i{^ki ^k2^ ^ p b^-{-i(^Xk^ "^^2 ^ ^ p A/g -|-Afc2 ) ^ ^3 V' ^ 

1 



U 



A4i ,£l X J\f ^2,^2 



(16.24) 



Proof With Ml = and M 2 =*^^,^ 2 ’ (16.18), the “constant” (i.e., 

independent of x) term in the Fourier expansion of the product A4i Ad 2 is (since 
the Fourier coefficients of the Hecke form AI 2 are real numbers) 

^o(y) =yY^bnCn (27r|n|y) {2'K\n\y ) . (16.25) 

^ ' 2 2 

UT^O 

Thus, the Rankin- Selberg method {loc.eit.) or the extension described between 
(13.51) and (13.59) permits to find the spectral density $ of the Roelcke- Selberg 
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decomposition (13.50) of A4i M 2 from the formula 



$(-A) = (E^ I Ml M 2 ) 




Ei^ (z) Mi(z) M 2 {z) dpi{z) 
dy, 



(16.26) 



where the last integral is meant as the value at p, = X obtained by analytic 
continuation from its value for Im p large. From the Weber-Schafheitlin integral 
[31, p. 101], already used in (14.27), we get, if M\ and M 2 have the same parity. 



$(-A) 



i\-i 

1 7T 2 



4 r(i^) 



E^nCnU 2" X 
n>l 









H- 



iX-\-i{Xk^ —Xk-2 ) 



)r(l 



— 2A + i( — Afc^ ~l~-^fc2 ) 
4 



^ p ^ l — iX—i{Xk-^ -\-Xk^ ) ^ 

(16.27) 



where, again, the sum of the Dirichlet series really means the value at p = X “from 
above”: (16.23) follows, using (16.19) and analytic continuation again. 

When integrating the Poisson bracket of two Hecke cusp-forms against an 
Eisenstein series, only the case when the two cusp- forms have a distinct parity 
can yield a non-zero result. With M\ = and M 2 = the constant 

coefficient of interest this time is 

= , ?/5 A:£^(27r|n|y)e“^®’'”®| . (16.28) 

This can be written as 

ao(y) = 2i7T bn Cn (y) , (16.29) 

where the last factor has the same signification as the particular case of (14.31): 
thus 

aoiy) dy = 2iir bn Cn Iix~ix^ , (16.30) 

n^O 

where the last factor has the same signification as in (14.32). 

Fortunately, there is no need to redo the quite heavy calculations between 
(14.28) and (14.34). We must of course change the coefficient 2 from the 

|n| 2 

Fourier expansion (4.5) of the Eisenstein series E*_^^ (z) to 6^, and do something 

2 

similar with the second factor which occurred in our previous computations. Next, 
looking at (14.28), it is immediate that the integer m which occurred there has 
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to be replaced by 0 (we are now dealing with the “constant” part from a Fourier 
series expansion), so that the hypergeometric function reduces to 1 exactly, and 
not only approximately; finally, the equation (14.34) becomes exact for the same 
reason (in Section 13, we were quite satisfied with a main term and an estimate, 
since we were only interested in the singularities of the relevant function of /i when 
crossing the real line, not in its exact value). This leads to (16.24), not forgetting 
a last sign change, due to the fact that the case m = 0 from Section 13 would 
correspond to the pair (— n,n), not (n, — n). □ 



Remark. From (16.23) and (16.24), together with the functional equation (3.18) 
of the function one sees that the function L*(^^, A4 i,£i x Mc 2 ,^ 2 ) defined 

as 



^ — 2 — ’ •^k2,i2^ = Tt"" ^ L ^ — - — , Afki/i X Afk2,£2^ X 



(16.31) 



if A4 i,£i and Mk 2 M have the same parity, and 

L* (^ — ^ X Nk2/^ = L ^ ^ — , Nki,ti X Mk2,t^ 



p ^ 3— +^fc2 ) ^ p ^ ~^fe2 ) ^ p ^ 3— i/+h~^fci +^fc2 ) ^ p ^ 3— 1>'— +Afe2 ) ^ 

(16.32) 



if the parities of and Mk 2 M opposite, is invariant under the symmetry 

V —u. This, or at least half of it (Poisson brackets are probably less used than 
pointwise products in number theory, though just as important in pseudo differen- 
tial analysis), is of course certainly well known. 

Recall that the projection operators and onto the eigenspaces of the 
modular Laplacian consisting solely of even, or odd, cusp- forms, have been defined 
just before Theorem 14.2. From the preceding lemma, together with (16.17), we 
shall get the images, under each of these two operators, of the functions (where 
r > 1) 



sym 



El^Mre 



and 



antisym 

9u,J^r-.e ■ 




(16.33) 



here, J\fr,e could be an or an in the first case, the function will 

only have possible non-zero images under operators P, + , and the function 
will only have possible non-zero images under operators P;^-; if A/’r,£ is a A/’~£, it 
is the other way around. 
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We denote as the image of the function ^ under the projec- 

tion P^+ {resp. Px~) according to whether is an even or odd Maass-Hecke 

cusp- form; we denote as the image of the function under the 

projection P^- {resp. Px+) according to whether is even or odd. In each case, 
in what follows, Ar> or Xk should be provided with the only superscript -h or — 
which is meaningful. 

Lemma 16.3. Assuming |Re v\ < 1, one has with the notation just explained 

= ^ (16.34) 

and 

. (le.ss) 

Proof. This is an immediate consequence of Lemma 16.2 and (16.17). □ 

Proposition 16.4. Assume that |Re u\ < 1 and, with r G consider a cusp- 
distribution ds has been defined in (15.4). Recall that the functions 

and have been defined in (16.10) and (16.11). The projections of each of 

these two functions onto the (discrete) eigenspaces of the modular Laplacian are 
given by the formulas 



= c(-*A+)c(*A+) 



E 



fr(^) r(^) (-^) 

— p ^ l+isXf ^ p ^ l-zgA+ -\-iy-iXf ^ p ^ 1-ieX^ ^ p ^ l+2gA+ -\-u-\-iXt ^ 

^ ^ 2 ’ ^ 



(16.36) 



together with 



^ C*(-iA+)C*(iA+) ||A^+|,J-"x 

fr(^) r(^) (^) 

-n ( 3+ieA^ — i/— zAr \ ( 3— zeA^ +i/— iA^ \ ( 2>-ieX'^ —u-riXt \ ^ ( 3+zeA^ +i^+iA;t ^ 

^=±1 i 4 } i I, 4 ) ^ 4 ) i 1, 4 ) 

^ E"^* (^ 2 ’ ^ ^k,l) II-A^A:,€'II ^ ■^k,e' 



(16.37) 
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for the first one, and 

= C(-iA+)C(^A+) 

^ fr(^)r(^) (-(41^) 

Y ^ -u-iXf ^ Y ^ l-^eA+ -j-u-iXf ^ p ^ l-ieXf -u-\-iXt ^ p ^ +tx+zA+ ^ 

Kli ^ -^M') 



(16.38) 



together with 



= c(-*A+)c(*A+) iiA/;+|.,ir'x 

fr(^) r(^) (i^) 



^ / 3+ieA. —u — iXt \ i-. / 3—ieX. +i^—iXr \ -n f 3—ieX, —ly+iX^ \ ti / 3+zeA. +i/+iA^ \ 

( ^ ^ ^ ^ ) 



e=±l r 






(16.39) 



/or the second one. 



Proof. Let (bn) be the sequence of Fourier coefficients relative to the Maass-Hecke 
cusp- form the coefficients b'^ relative to the cusp-distribution ho- 

mogeneous of degree —i — iXf, are given (a consequence of (15.4)) as 

b'n = 2^ C*(^A+)C*(-iA+) ||A/j+,J-^5n . (16.40) 

Following the computations in Section 13, only substituting u {resp. iXf) for ui 
{resp. U 2 ), and substituting 2~^ ^n+m 

\n-\-m\ 2 

= y^ dmKi^{2Tr\m\y)e‘^^”"^^ (16.41) 

m^O 



dm = —Sin \m\ 2 x residue of Dm{p) at /i = , 



with 



(16.42) 
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where (compare (14.22)) 



DM = 2 *^- 2 7 T -1 (-y)C(*A+)C*(-iA+) ||A/j||,,|r^ 

X ^ [C+(y,zA+;/x) + (-iyC^(i^,iA+;^)] ^ cr^{\n\)bn+m\n\j ^ 

j= 0 ,l n^O 

n^ — m 

(16.43) 



On the other hand, we need to generalize Lemma 14.1, denoting this time 



as C^^{p) and the functions associated by (14.1) to the functions 



^sym 



|r|,£ 



or 



antisym 

9 



as defined in (16.33). Here, we must replace 



CTi ^2 (|n+m|) 
tl2. 

|n+m| 2 



by 



I 6n+m in order to transform (14.23) and (14.24) into equations valid in our present 
case, thus getting 






n+m 



n 



n^ — m 

X r ^ 1-2/X+1/ + 2A+ ^ p ^ 1-2/i + t/ — ^ p ^ l-i/X-l/ + ^A+ ^ p 



—ifi—y 



-iXt ' 



(16.44) 



and 






2-® 



Z 7T 2 



r(_M)r(l^) T ^■'i\n\)bn+m\n\i 



X r 



^ 3— 2/i+i/+iA^ 



)r( 



n^—m 



^ p ^ 3—ifA 



v-\riXf \ p / 3 — i/x — i/— iA^ \ 






V 

(16.45) 



up to an error term which extends holomorphically to the half-plane Im /r > 
— 1 -h |Re v\. □ 



In order to properly state the theorem concerning the decomposition of 
into homogeneous components, it is useful to introduce a definition, 
which should be compared to Definition 5.7 of £(s) and C'{s)\ actually, it is the 
product C'{ )Q C\ ^ fj-om the right-hand side of (15.3) which can 

be so generalized, not its two individual factors on both sides. 

Definition 16.5. Let be a cusp-distribution, homogeneous of degree —1 — zA+, 
arising by (4.4) from some even Maass-Hecke cusp-form and the choice of a square 
root of (A+)^. As an operator acting on automorphic (tempered) distributions, we 
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set, when Re s is large, 

7^(s, 971“ ) = C(2s) 5] ^ , (16.46) 

N>1 ^ 



where the set (&Ar)Arez>< is the sequence of Fourier coefficients of the Maass-Hecke 
form under consideration. We also set 






JP ^ S + 27T S ^ p ^ S — inS I ^ 

p ^ l-s-j-in S iXf ^ p ^ 1 — s— ivT £ _j_ i\t ^ 



X 7^even(s,9K5.) 



p ^ S + l+^TT 8 ^ p ^ S + l — iTT £ I 



p ( 2-s-\-i'n S 

V 2 









2 — s—iTT S _|_ iX 

O 'A 



iXf \ 



(16.47) 



where 7^even(5, OJlf.) {resp. 7^odd(s, OTf.)) is the linear operator on automorphic dis- 
tributions which coincides with lZ{s,Tll) on distributions of the even {resp. odd) 
type and vanishes on distributions of the odd {resp. even) type {cf. Definition 5.6). 

One can show that lZ'{s^dJll) extends as an operator- valued meromorphic 
function in the entire s-plane and that it satisfies the equation (which plays the 
role formerly played by (5.31)) 

7^'(s, ml) = n'{i-s,g ml) . (i6.4s) 

The easiest way to do this is to calculate the effect of lZ'{s, ml) on the distributions 

assuming, say, that ml = {Tt^^^)^- 

Lemma 16.6. When Re s is large, one has 

- ^ (16.49) 

and 

n{s, (9l+,)«) (5±,,)“ = X ,,) (5±,,)“ • (16.50) 



Proof. Let {bN)Nez^ and {cN)Nez^ t>e the sequences of Fourier coefficients of 
the Maass-Hecke cusp- forms ^ and p. Then, for > 1, = 

cn {d^£f)^ as a consequence of Theorem 4.2 and Proposition 5.2 (together with the 
fundamental equation p = (16-60) thus follows from (16.46) 

and (16.19). On the other hand, (El = N~^ o-u{N) ^l for comparable reasons 
(or cf. [62, (16.88)]), and (16.49) follows from the equation {loc.cit., (4.37)) 

^ AT-t-* a.(lV) fejv = (C(2s))-1 l { s + ^ (« - • (16-51) 

AT>1 

□ 
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With the help of (16.47), (15.4) and (5.27), one derives from (16.49) the 
equation 



n' 



1 - 1 / 



L* L* (i^,A/j+^^) 



^ 1 — i^~f“i(A — Ajt') ^ ^1 — — i( A — A^ ) ^ 



/ l-^-^'-^-^(A-^-A^ ) \ 



V 



J 

(16.52) 



7^' 



From (16.50) together with (16.31) and (16.32), one finds 

l^,(^+,)«) = 5C(*A+)C(-*A+)||A^+_J|-2(^+,,)“ 



L 



(y.-A^t|.r X Kkie) 



l+i/-i(A++A+) j p ^ i-^+j(A+-A+) ^ p ^ l-t^-i(A+-A+) ^ p |^ l+t/+i(A++A+) 



i)r(i 



■ 



. 0 

(16.53) 



and 

Tt 



X 



' ( (5+.)“) = ~l C{iK) C(-*A+) iiA/;+ (5fc»“ 

L* (^,A/jtu ^ 



( 



3+1^— +A^) ^ p ^ 2 



p ^ 3 u p ^ 3+i/+^(A^ +A^) ^ 

(16.54) 



Together with Theorem 4.1 (the decomposition of automorphic distributions 
into homogeneous components), the equations (16.52), (16.53) and (16.54) provide 
the analytic continuation of ^'(f ^ (operator- valued) function of 

s. The functional equation (16.48) is a consequence of the relation ^ (^?^^)^ = 
{dhri)^ from Lemma 15.2, the relation = — A+ as defined right after (4.4), 
and of the functional equations relative to the functions s i-^ L*(s,A/j^l^) and 
s L*(s, X A/jfe|_£,). 

Theorem 16.7. Let z/ G C satisfy |Re u\ < 1. With the same meaning as in 
Theorem 15.1, only substituting S'J, and (S^^^)^ for and uniquely 

- up to the addition of a multiple of (^q - define the automorphic distribution 
Q = satisfying the identities analogous to (15.1) and (15.2). One has 






® . 



(16.55) 
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Proof. Just as in Lemma 15.5, we write (starting from (15.51)) 






j_ r 

47T 7_( 



-xtt ^ \ I 1 V' 

47ry_ C(*A)CHA) 



^Aju Ojk I 



2f:rC(a+)cHA+)^^^-^'^" 



kT 

k^O 



1 -sp -i\ ^k,t' s^tt 

k^O 



(16.56) 



with 






ak,e' (^+£)") i^U'f - 



1 - 1/ 



bk4' {Ktf = . 



(16.57) 

(16.58) 

(16.59) 



as computed in (16.52), (16.53) and (16.54). 

What we need to prove is the pair of equations 



(u^ I OpOI)^^) = 

{ul I Op(T)m^) = /^_(5+^),(2) , 



(16.60) 



where the Roelcke-Selberg expansion of the right-hand sides have been computed 
in Proposition 16.1 and Proposition 16.4. Using Lemma 15.6, one sees that what 
remains to be done is to verify the pair of equations 






£^( 2 ) dX 



C(iA)C(-iA) 



i^(-tA+)r 



k,i' 



iXt 



4 ) 






\k\r 



+ jEH4)r(%) r(-^) 6^' 



k,e 



(16.61) 
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and 






-a2«-(a) 

7T ^ r ( y ) El^ (z) d\ 



4?r j_^ C(-iA) 



dk,i' ll*^t|,rll 






r(-^) 6 m' 



k,£' 



(16.62) 



So far as the continuous parts from the Roelcke-Selberg decompositions are 
concerned, we must thus check (reducing the integral to that of an even function) 
that 



$i(A) U(^(-A) -^(A)) 

C*(iA)" C(*A)C(-*A) 



and 



^2(A) ^ -A2(^(-A) + ^(A)) 
C*(iA) C(iA)C(-*A) 



(16.63) 



where the functions and $2 have been introduced and computed in Proposition 
16.1, or, what amounts to the same in view of the functional equations satisfied 
by these two functions (c/. remark preceding (16.16)) that 



1 7t'2^ C(~^^) 



2 r(f) 



^i(A) $2(A) 

iX A2 



(16.64) 



Using (16.57), (16.52) and the equation (a consequence of (15.4) and (15.10) 



1 — u — iX 






1 — u iX 






2 ’ j - y 2 

f (C(g+)C(-^A+))^ \\^fAAL* (- 















4 ) ^ [ 4 ) ^ { 4 ) 



(16.65) 



one immediately derives (16.64) from (16.12) and (16.13) (the terms with e = 1 
from the right-hand sides of these two equations cancel out). 

Next, the discrete parts: with ak/> and bk,£' as defined in (16.58), (16.59) 
and computed in (16.53), (16.54), we must check that, for /c > 1, one has 






r (^) r (-^) E(«-m' - «M') 

= (/^,(5+^)«)fe,+ (2) (16.66) 
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and 

r(-^) 

= (/^,(5+^)it)fc.-W- (16.67) 

finally that 

= (4'(5+,)«)fe.+W (16-68) 

and 

_(^r(^) r(-^) E(^-M' + 6M0IIA/'M-ir^-A4>(.) 

= (•(■' (0«)"’-(^)- 

With the help of (16.53) and (16.54) on one side, (16.36)-(16.39) on the other 
side, the verification is straightforward. □ 

Proposition 16.8. The continuous part of the decomposition of 

homogeneous components can also be written as 



(3^t#(5+,)*) 



iiyt/ii' 



r,e) )cont 

1 H- i/ + 2 i 7 r£ 






QA 



,(^1,^)“) . (2-5+'-^Q5) . 

’ y \ / cont 

(16.70) 

Proof Using the spectral decomposition (15.5) of and the invariance 

under Q of this distribution, one may write the right-hand side of (16.70) as 






1 r 

47T 7 _c 



C*{iXt)C{-iXt) 47t 
Now (15.4) and (15.10) yield 
' 1 + u — iX 



(i±^, (;?+^)«) A (i±^, (;?^.,,)“) 

C(*A)C(-*A) 



dldx. 

(16.71) 






^ l+i/— iA— ^ p ^ l-u-j-iX—iXf ^ 



X 



(16.72) 
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and, to get the first A-factor on the right-hand side of (16.71), it suffices to change 
(A, A+) into (—A, — A+). This yields (16.70) after one has used (16.52) to compute 
the left-hand side 



1 

4tt 



7^'(v,(^.y)“) 

7-00 C(*A)C(-iA) 



A dX, 



as given by (16.56), of this equation. 



□ 



The structure of the composition formulas may show in a clearer way from 
a reformulation of the preceding results in terms of Eulerian products: this will 
occupy us for the remainder of this section. 

It will be convenient, here, to use the normalisation Op^ of the Weyl cal- 
culus as defined in (2.21), and the associated t] -product, linked to the usual sharp 
product by the equation 

= ((2-i+-£/i)#(2-i+-£/2)) : (16.73) 

this will permit us to get rid of the extra operator in all its occurrences. 

Recall that our constant use, in these last two sections, of the distributions 
di and was due to the role they play in the expansion (15.5) of 2 2 +^^^ 

We now choose another normalization, paying interest, rather, to the distri- 
butions I and (^^^)*^. The reason for this is that, when p = 0 or 1 and 2 : G 11, 
one has 

|0PV2 {I I 

and 

(<|0p^ ((^n±,)«) <) = (-iA±)^yf,yz) (ie.74) 

as reported in (3.15), (3.16) and (4.12), (4.13): now, the functions \ E\_^ 

2 

and A/j^l ^ are normalized by the fact that the coefficient of p 2 (27rp) 
or K ix^ (27ry) in their Fourier series expansions (4.5) or (4.3) is 1. As a 

consequence, the corresponding L- functions have (for Re s large) the Eulerian 
product expansions 

L{s, i E*i^) = cr^(n) 

n>l 
p prime 



(16.75) 
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and, if (4.3) is the Fourier series expansion of 



n>l 
p prime 

= n (16.76) 

p prime 

if the Hecke polynomial I — bp X X‘^ factors as {1 — Pp X) {1 13~^ X) (c/. [8, 

p. 119]). Let us, for clarity, refer to the unordered pair (/3p,/?“^) as the p^^-Hecke 

pair relative to A/j^j in view of (16.75), the pair (p^,p~^) should be thought 

of as the p^^- Hecke pair relative to | . 

2 

With the help of Eulerian products, we would like to get a better grasp of 
the coefficients c(01; 07j, ffi2) which should make the formula 



911^012 



JL r 

4n 



1 



;fni,in2 €: 



dA 



■"iA 



((iA)C(-iA) 



+ 2 

k,£,± 

4- exceptional terms 



(i#)r(-i#) 






(16.77) 



valid in general: here, 9li or 912 could be an | or an (91^^)*^, and the excep- 
tional terms are present only when both 9ti and 9I2 are Eisenstein distributions. 
One should have another look at (4.33) to understand the reason for the presence 
of the extra factors (independent of 9li, 9I2) in the integral or series. 

Before doing this, however, let us remark that building our multiplicative 
table - a task which we shall leave uncompleted - is a lengthy job, involving 
difficulties of several natures: after reduction by some symmetry considerations of 
the kind used at the end of Section 15, we are left with an overall task of completing 
about 19 entries c(9l; 9li, 9I2), of which we have made only 7 fully explicit. To 
start with, let us observe that changing an quite as 

trivial as it seems since, besides having to be very careful with signs, one must 
also, here and there, trade a pointwise product of automorphic functions for half 
a Poisson bracket of such, or the other way around. Next, the case when 91, 9li 
and 9I2 are all Eisenstein distributions was, from the point of view of analysis, 
the most difficult one, because of severe divergences: it was at this point that the 
usual Rankin- Selberg method proved insufficient. On the other hand, difficulties 
of a number-theoretic nature increase when the number k of cusp-distributions 
among 91, 9li and 9I2 does. For = 0, 1 or 2 respectively, c(9l; 9li, 9I2) can be 
expressed, up to Gamma factors, as a product of four zeta functions, a product 




190 



Chapter 3. The Sharp Composition of Automorphic Distributions 



of two L-functions or a convolution L-function. As a conjecture, would it be too 
much to expect that, when k = 3, the value at s = | of a triple L-function as 
defined in [8, p. 386] should be required? 

Relying on the present state of our multiplication table, here is a list of 
coefficients c(9^; ffii, 9^2)* From (15.33), and the fact that one 

gets 



1 . i (^tt i (^tl 

2 ’ 2 ’ 2 

_1 / l+vi+V2-\-iX\ f J l-Pi+V2-iX\ J l-vi-U2+iX\ 

~4A 2 hV 2 hV 2 hV 2 ) 



= 4" 



2 ;’v 2 , 

Jl^ Y ^ 1+^1— p ^ ^ 

p ^ 1 — I/i+^2— p ^ 1 — 1^1 — t/2+^A ^ 



XC 



/ l+i'i—i'2+iX\ f l+Pi-iy2-iX\ f 1+z^i+z/2-*A\ / 1+i/i+i^2+^A^ 



I- 






- 



I* 



-j 

(16.78) 



or, finally, 

R# 

2 '"iA’ 2 ’ 2 



c I i • i (gtl i 

^ » o O '^1/1 5 O 



P ^ l+iyi-i/2+^A ^ p ^ 1+1/1+1/2-^A ^ 

p ^ l-iyi+U2-iX ^ p ^ 1-1^1— t^2+^A ^ 



r , 1+i^l + *^2 1 p* 

X L I - , - L i-ix 

2 2 2 



1 + - Z/2 1 






(16.79) 



Still from (15.33), and the fact that 
one gets 






4^ 



X L 



( 



l+i/i-j'2+iAfc +2e\ p / l+i/i+i/2-iA^+2e 

4 ) { 4 



) 



^ 4~2e ^ ^ 1 — t'l — t'2+^A^+2e ^ 



l + Z/i-Z/2 .,± 

— ^ — Afci. 



l + Ui+l/2 .f± 



(16.80) 



with e = 0 if dealing with (01^ ^)^ e = 1 if dealing with (01 j, ^)**. We may already 
observe that, when going from c(A €*;^; 5 W 
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the Gamma factors are identical, except for the substitution of for A; also, 

if is the p^^-th Hecke pair relative to ^ in the first case, and to 

^ 2 

•«1S. ^ in the second one, the products of two L- functions apparent in (16.79) and 

(16.80) can both be written as 



_ prime 

X ^1 - p ' 7*'"' 13^ 



1 



(16.81) 



Thus, when examined with the help of Eulerian products, the formulas for 
^ I ^5-1 ’ I '^* 2 ) ^ I *^* 2 ) identical. However, there 

is no way to get rid of the Gamma factors in the second one, whereas this would 
be possible in the first. 

Starting from (16.70), one finds that 






= 1a A 



1 

4^ 



X L 



jp ^ — zA^-j-iA^ j--\ ^ l-t-i^-l-iA^ iA ^ 



'■( « 

1 + — iA 






1 — i/_ iXf +^A 



^ . 1 + 4- iA 

^ • — 5 — 



(16.82) 



If {(3p,Pp ^) is the p*^-th Hecke pair relative to A/j^| one may write the 
product of two L-functions as 



_ prime ^ 

( — 1 — i^ — \ / — 1 — — iA -I \ 

1-P ^ (dp)\l-p " /3p j 



(16.83) 



looking also at the product of Gamma factors on the right-hand side of equa- 
tion (16.82), one sees that, again, the Eulerian product version of the coefficient 

^ -A 5 h exactly the same structure as the first two coefficients 

discussed. 
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Finally, let us compute and discuss the coefficient c ^ • 



From (16.56), (16.58) and (16.53), we see that the coefficient of | ^(^a+KMA+) 
the expansion of 



|C(iA+)CHA+)liy+,,|i 



L* (^,A/jt/ 



'' p ^ l+i/-i(A++A+) ^ p ^ l-i/+i(A+-A+) ^ p ^ l-i/-i(A+-A+) ^ p ^ l+i/+»(A++A+) ^ ’ 

(16.84) 

where we have used the invariance under s i— > 1 — 5 of a function L*(s, A/"~^ x 
From (16.31), this is 

i TT-^^ C*(*A+) C(-*A+) iiy+,,|r2 L 






^ ^ p ^ l+i/+iA+-iA+ ' 

p / 1 — iy+iXt—iX'l \ p / l — iy—iXt +^A+ ' 



(16.85) 



-r^ f l+i/-iA++iAj \ f l+i/+iA+-iA+ ^ 

4^^ P ^ l-i/+iA+-iA+ ^ p ^ l-t/-iA++iA+ ^ y 2 J 

(16.86) 



Again, the Archimedean factor is exactly the same as before, mutatis mu- 
tandis. Introducing the p*^-th Hecke pair {/3p,/3~^) relative to ^ as before, 

together with the pair (ap^a~^) relative to one gets (using this time 

(16.21)) 

= If (l-p"^ap/?p) (l-P^ap/3-i) 

^ ^ L prime 

1 

X (l - ap^l^p) (l - «p Vp 

(16.87) 

the same as (16.83) except for the substitution of (ap,a~^) for ). 




16. Towards the completion of the multiplication table 



193 



Thus a clear conjecture concerning the general structure of coefficients 
c(91; Til, TI 2 ) emerges. Of course, one has to be careful with the Gamma factors 
(c/. (16.57) and (16.39) on one hand, (16.54) on the other, as well as (16.80)) when 
cusp-distributions of the odd type are concerned, and we have to admit that the 
case when Tl, Tli and TI 2 are all cusp-distributions might present some more dif- 
ficulties (the other cases are only a question of how patient you are) if one wishes 
to connect the result to the value at 5 = | of some triple L-function, not only to 
the integral on r\II of the product of three Hecke forms or to the integral of a 
Hecke form times the Poisson bracket of two Hecke forms or to the iterated Poisson 
bracket of three Hecke forms. 

Remark. It is clear that all coefficients c(Tl; Tli, TI 2 ) which occur in the decompo- 
sition into homogeneous components of a product Tli \\ TI 2 of “elementary” auto- 
morphic distributions i.e., ^ or (Tl^^)^’s, have nice Eulerian products, with a 
fully identical structure: there is one possible exception in the case when all three 
entries are cusp-distributions. 

Our proofs, however, could not be based on (arithmetic) localisation tech- 
niques: only an adelic setting, not a classical distribution setting, might make this 
possible, but we would then not be dealing with the same problem. 

An interesting question regards the splitting of the Hecke polynomial 1 — 
bp X into two distinguishable factors. An adelic point of view is required here, 
but much more is involved: let us only remark that, so far as the Archimedean 
place is concerned, this is exactly what we have done throughout the present work 
(c/. (16.2)), substituting decompositions into homogeneous components (on E^) 
for spectral decompositions with respect to A (on H). 

We hope to succeed in carrying out a similar program in general in the not 
too distant future. 
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17 Another way to compose Weyl symbols 

This section serves several purposes. The first one is to give a detailed proof of 
the first theorem to follow, a rather careless version of which was indicated in 
[62], Theorem 5.3. Next, we shall observe (with fewer details) that, contrary to 
the usual formula for the composition of symbols, this theorem extends to the 
Op^-calculus. The reason why this is so is that, for p > 1, the Op^-calculus, 
while still covariant under the p-metaplectic representation, does not admit any 
covariance under the Heisenberg representation: indeed, the point 0 G M plays a 
very special role in this calculus, which has therefore no translation invariance. In 
Section 19, we shall indicate why, in the general context of quantization, this type 
of formula is prevalent. Last, let us indicate that, as has been proved by Bechata 
[5] , the present formula extends to the p-adic Weyl calculus (dealing with complex- 
valued functions on p-adic numbers), while, again, the Moyal-type formula would 
be meaningless. 

In the second part of this section, we shall see that there is a close relation 
between the composition of Weyl symbols on one hand, the pair constituted by the 
pointwise product and Poisson bracket of functions on H on the other hand. This 
phenomenon has already been encountered in the last part of Section 1 1 . The same 
holds in the quite different T-invariant environment, as a comparison, say, between 
our present Theorem 13.6 and Theorem 9.6 of [62], or between Theorem 14.2 and 
Theorem 14.5 from loc.cit. would show. In this direction, let us emphasize that 
the arithmetic case cannot be reduced to that which deals with A on the “open 
space” n, since one is concerned there with two quite different realizations of the 
Laplacian. On the other hand, we fully used in the present work (especially in 
Section 14) the resources provided by the results from loc.cit. 

The reason for all these resemblances is that, on a rank-one symmetric space 
such as n, there are very few possible covariant bilinear machines: more precisely. 
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there are essentially two possibilities (one symmetric, one antisymmetric) as soon 
as a maximal spectral decomposition has been carried, with respect to both the 
input and output; of course, there is a considerable variety of possibilities in global 
formulas, i.e.. those which do not use the spectral decomposition. 

Theorem 17.1. Let hi and /i 2 be two symbols in Seven{^‘^)- Then one has, in the 
weak sense in 

/ oo 

h\dX, (17-1) 

-OO 

where h\ is associated through (2.16) to the function h\, 



/ oo nOO p 

/ d\id\2 / A'iAi,iA2;iA(Sl,S2;s) (/ll )ai («1 ) (^2) A 2 (*2) ^Si ds2 , 

-ooJ—oo JM? 

(17.2) 

and the integral kernel Kix^^i\^-ix{si, S 2 '^ s) is given as 



7^iAi,iA2;a(si, S 2 ; s) = 2 2 (27t) 









l+z(A+Ai — A2)+2 j 
4 



^ ^ 1+^(A— Ai -I-A 2 )+2jf ^ jp ^ l+^(~ A— Ai — A2)+2 j 



J-0 



l+^(~ A— Ai 4~A2)+2j \ jp / 1+^(~A-|-Ai — A2)+2j \ p / 14-^(A-|-Ai -|~A2)4~2jf \ 






/ V 



>< X'Ai,iA2;iA(si.S2;s), (17.3) 



with 



xk,iA2;iA(si>S2;s): = 



-A 2 -A)) 



X |S2 - s|5(-l-^*(-^i-^^2-A)) 



Sign 



Si - S2 



(s - Sl)(S 2 - s) 



• (17.4) 



Actually, in [62, Theorem 5.3], we gave a more general formula, since symbols 
not necessarily even were considered as well: this will not be needed here, and it 
would complicate notations a little bit. However, though all computations have 
been properly carried in loc.cit., we have not been very careful there in giving all 
justifications, especially in view of the fact that semi-convergent integrals had to 
be used. This was not really important in loc.cit., where the main reason for our 
statement of Theorem 5.3 was to give some extra incentive towards the interest 
in the integral kernels in (17.4), which played an important role in other parts of 
this work. 

We take this opportunity to complete the justification of the theorem under 
discussion. Our first lemma to that effect is Theorem 11.3 or, rather, the case when 
/c = 0 of this theorem (then the function Cj{vi, k; iX) from (11.27) simplifies a 
little bit, to the function V 2 ] iX) in (5.41)). In any case, using signed powers, 

as defined in (11.26) is necessary even when A: = 0. 
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The next lemma is just (a particular case since we here consider only even 
symbols) Lemma 5.2 in [62], the proof of which involved only (absolutely) conver- 
gent integrals, and will not be rewritten here. We first generalize the Definitions 
(17.4) and (17.3) of XiAi.iA 2 ;iA(^i> ® 2 ,' •?) and i^iAi,jA 2 ;iA(«i, S 2 ; s), letting complex 
numbers and 1^2 with possibly non-zero real parts be substituted for zAi and i \2 
everywhere. Of course, we denote the new functions obtained as xi^ s) 

and S 2 ] . 



Lemma 17.2. Assume that 

|Re (z^i ± U 2 )\ < 1, Re < 0, Re i /2 < 0 . 

Then, with hi{x,^) = , /i 2 (x,^) = , one has in the weak sense in 



hi#h2 






hx dX , 



(17.6) 



with 



= [ 7f^i,i.2;iA(si,S2;s) |si| ^ ‘'^dsids2- (17-7) 

Jr2 

Corollary 17.3. Let be given, with ad — bc^O. With the same assumptions 

as in Theorem 11.3, one has 

/ oo 

gx{x,^)dX, (17.8) 

-OO 



with 



9\{s)= f if,2i.^2;iA(si,S2;s)lasi +6| ^ lcs2 d- d| ^ '"^dsids2- (17. 



9 ) 



Proof. Setting ( J) ) = (ad — be) ())<), it is no loss of generality to assume that 
ad — be = 1. As a consequence of (2.5), 



\ax 



/ oo 

hx{ax -h b^, cx -|- d^) dX (17.10) 

-oo 



and from (2.16), then (17.7), 
hx{ax d- bf,cx -I- df) = \cx + h\ 

= [ /fi-i,i/2;iA fsi,S2; dS2 . 

Jr2 V cx + d^J 

(17.11) 
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Now the kernel S 2 ] s) has the fundamental covariance property (im- 

mediate, cf. [62], (5.16)j that 



K, 



( asi -f b as2 -\-b CLjPb 
ycsi -f d’ CS2 + d’ c| -h d 

= \csi + \CS2 + 



X 

c— -h d 



1 -l-i A 






. (17.12) 



Performing a change of variables in (17.11), we thus get 



h\{ax -h 6^, cx -h d^) = \cx -h d^| 



— l — iX 



X f lasi+6| ^ ''^\cs2+d\ 

Jm? 



— 1 — V>2 



X 

c-+d 



— l-|-iA 



^v'i,V2\iX ^li^2 



i.e., 



\ax 4- b^\ ^^ 4 t^\cx -h d^l 



-1 — 1^2 



/ OO 

9\{x,0 

-OC 



dX 



with 



dsi ds2 , 

(17.13) 

(17.14) 



gx{x,0 = \^\ ^ '‘^J^\asi+b\ ^ ‘'^\cs2 + d\ ^ (^si,S2',j^ dsids2 ■ 

(17.15) 

Applying (2.15) again, we are done. □ 

We need another lemma, so as to bound the last integral in (17.2). 

Lemma 17.4. Set 



I: = f |si- 

d]R3 

|S 2 -S| 



-l + £l+£2 



<§2 1 ^ 
-l-£l+£2 



— 1-|-Sl — ^2 

s — si| 2 \ui{si)u2{s2)u{s)\dsids2ds . (17.16) 



Set 



lllwillll = sup((l + |si|)^+®' |wi(si)l), 

IIIW 2 III 2 = sup((l + |S2|)^'^^" |W2(S2)|). (17.17) 

Assume that \si ± 62 ] < I, so that in particular ||iij||L<=« < HI Uj\\\j, j = 1,2. 
Then 

/<C|||^i|||i |||^2|||2 ||^||l3, (17.18) 

with a constant C depending only on ^i, S 2 - 
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Proof. Set 



V2{S2) = ^ 2(^2 

i;(s) = , 



f(s) = 1^1 ^ u{s ^), (17.19) 

so that |||7;i|||i = |||iii|||i, ||li; 2|||2 = |||^ 2 l|| 2 , ||v||l 2 = ||t^ Hl^- I f is a measurable 
subset of , denote as I a the same integral as I after the domain of integration 
has been changed to A. Set A' = {(si,52,s): G A}. Then an 

obvious change of variables shows that Ia' is just the same as I a after ixi, U 2 
and u have been replaced by t’l, V 2 and v. To prove Lemma 17.4, it thus suffices 
to bound by the required product of norms the integral I a in the case when 
A = {(si,S 2 ,s): |si| < 2, |s 2 | < 2} or when A = {(si,S 2 ,s): |si| < 1, |s 2 | > 2}. 
Consider the first case to start with: set 

J(s) = C |<2 “ ® 2 | ^ |S 2 - s| 5 |s _ 2 dsi dS 2 ■ (17.20) 

‘'k2|<2 

If \s\ < 3, then 

/ — l + £l+£o — 1 — £l+£o — l + £l — £0 

J{s) < L^|<5 I<^1 - ^2| ^ 1^21 ^ kl| ^ dSi dS 2 

<[ \t\^^^^\l-t\^^^^dt. (17.21) 

Now, in view of the assumptions made about 5i, £ 2 , the last integral is less than a 
constant if 82 < 0, less than Ci + C 2 | log |sil| if 82 = 0, and less than a constant 
times if 82 > 0. This shows that J{s) is bounded for |s| < 3; if |s| > 3, 



J{s)<C\s\ 



~ , ^+5 .1±£2 , , 

2 dsi ds2 



<C|5|-1 ( 

since \si +£ 2 ! < 1, so that J{s) < (7(1 + |s|)“^ for all s and 

/ (DO 

(1 + \s\p^ |w(s)|ds 

-(DO 

<C\\ui\\loo 1 |'U 2 ||l^ II'^I|l 2 • ( 

We now assume that A = {(si,S2,5): |si| < 1, |s 2 | > 2}. Then 



(17.22) 



(17.23) 



Ia<C ll^ilUoo I |S2 - k - 

aZ\>2 



\u2{s2)u{s)\dsids2ds . (17.24) 
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Now 



[ (i + is2ir^- 

^Is2|>2 

/ 

J\s, 



^2 



,ni±£l±£2 



l-£l +£2 



'N2|>2 

— 3 + £i — £o — 1 — £i+£9 

< / |S2| ^ |S2-S| ^dS2 

/|s 2|>2 



|S 2 - s| 2 ds- 



< C 



J2< 



/ 2 <| s 2 |<-*# 



-l-£l+£2 



+ C [ (1 + kl) ^ |S2| ‘ dS2 

J\s, 



|s2 |>max( 2 , -^) 

- 1-£1 +£o 

<c(i + k|)— ^ 

since |£i — £ 2 ] < 1- Thus 



(17.25) 



< C 



Ia<C\\ui\\lco [ (l + |s|) ^ |w( 

J\si\<l 

X sup((l + |S2|)^"^®^ l«2(S2)|) 

/ OO 

K{s) |w(s)| ds 

-00 



s) \ dsi ds 



(17.26) 



with 



K(s)= [ + 

<c(i + H)-i. 



dsi 



(17.27) 

□ 



We shall apply Lemma 17.4 presently with Si = Re £2 = Re U 2 and 
ui = U 2 = {h 2 )^_ijy^^ finally u = (/is)^, with hi, /i 2 , ^3 three functions 

in <Seven(I^^)- Recall from (2.18), (2.19) that 

1 

ui{si) = — / hi{tsi,t) dt : (17.28) 

Jo 

then tci, defined as rci(si) = 'Ui(s]"^), can be written as 

1 

u^i{si) = — / hi{t,tsi) dt (17.29) 

27T Jo 

(one may compare Wi to v\ in (17.19)), and the norm |||i^i|||i as defined in 
(17.17) is equivalent to ||i^i|| £jOO + ikiii L,00 . Given £\ g] — 1, 1[, one clearly has, 
since Re = £\, 

poo 

|||wi|||i < sup(si [\hi{tsi,t)\ + \hi{t,tsi)\]dt) 

Jo 

< C(£i)sup((l +X^ |/li(x,0|) . 



(17.30) 
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Of course, something entirely similar holds with U 2 or u, after one has substituted 
h 2 or hs for /ii, and n 2 or iX for ui. 

The basic idea towards the proof of Theorem 17.1 is to reduce it to the case 
when the two factors are polarized in the sense described between (11.25) and 
(11.26), i.e., when each of them only depends on some linear combination of x 
and The formula (2.9) for the ^-transform provides such a decomposition for 
each factor: indeed, it suffices to write 



dydrj, (17.31) 

7r2 



and to use polar coordinates, to get the decomposition 



with 



= [ 

Jo 



h^{x sin ^ ^ cos 6) dO , 



/ oo 

{Qh){tcos0^tsm0) |t| 

-oo 



dt 



(17.32) 



(17.33) 



One may observe that (still under the assumption that h lies in <S(M^)), the 
function h^{x) is a function of (0,x), and that it satisfies the estimates 



a; ^ (1 + |x|)“+^’ 



de 



i 

h\x) G l2(M), 




Conversely, assume that a function h on can be written as 




{x sin 0 ^ cos 6) dO 



(17.34) 



(17.35) 



for some function G T^(M), depending as such in a continuous way on 0. We 
then compute Qh: if /(x,^) = a(x), it is immediate that (^/)(x,^) = J(x)d(2^), 
from which, after a rotation of coordinates, one gets 

pTT nOO ^ 

{Qh,(j)) = dO g^{2^) 4>{^cos0,^sm0) d^ (17.36) 

J 0 J —oo 

for any function cj) G 5(R^). Thus 



ICI (0^)(Ccosl9,^sin6>) = ^^(20 : (17.37) 

it follows that g^ has to coincide with hP as defined by (17.33). 

We now need to connect the decomposition of a function h G <Seven(R^) 
into homogeneous parts to the decomposition of a symbol into polarized ones, as 




202 



Chapter 4. Further Perspectives 



provided by (17.32), (17.33). Using (17.33) as a definition of (/i_i^)^, and remem- 
bering that QS = one thus gets, for every complex u with — 1 < Re z/ < 1 

and X ^ 0, 



/ oo 

{Qh)iu {t cos t sin 0) \t\ dt 

-oo 



-I pOO pOC 

= - r-‘'dr e*" 

Jo J —OO 



\t\ {Qh){rt COS 6 ^ rt sin 9) dt 



dr 



(17.38) 



27t Jq \r. 

or, finally, noting from (17.33) that, in our case, is an even function, 

(17.39) 



1 

(h-ij,f{x) = h^{r)dr, 

Jo 

where the integral converges thanks to (17.34). Since 

{h-ijy){x,^) = [ {h-iy)^ {xsinO - ^cos9)d0 , 

Jo 

one has 

h}^-iy{s) = f {h-iyY{s sin 0 — cos 0 ) dO 

Jo 

pTT r -I poo 

= / |ssin^ — X — / r‘'h^{r)dr 

Jo L 27t Jq 

Proof of Theorem 17.1. Set 



(17.40) 



dO. 



(17.41) 



1 -(-^'2 



Aj {lyi, 1 / 2 ; iX) = 2 2 (27t) 2 

X i-iV V " b I 4 )^[ 4 ) 



(17.42) 



so that (17.3), extended by complex continuation as explained just before Lemma 
17.2, reads 

1 

,^2 ;iA (si , S2 ; s) = X! (j/i , 1/2 ; t A) xij ;iA («1 > ; s) . (17.43) 

j=0 

Set ui = 6 i+iXi and U 2 = 62 + 1 X 2 ^ and assume in all that follows that \ei±S 2 \ < 
1. We first note the estimate 



\Aj{jyi,U2;iX)\ < C 



1 + 



T^i - 1^2 F iX 



1 + 



-Vi +iy2+iX\ 



, -£l+£2 



1-K 



r'l + U2 + iX\ 



-gl-g2 



, (17.44) 
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a consequence of (11.31); a rougher estimate, sufficient for our purposes, is 



\Aj{ui^i/2] iA)| < C [(1 + A^)(l + A2)(1 -h A^)] ^ . 



(17.45) 



The claim in Theorem 17.1 is that, given any three functions hi, /12, ^3 G 
«5(M^), the first two even (it then does not harm the generality to assume that so 
is the third one), one has 



/ oo 

{hx, hz) dX , 

-00 



(17.46) 



where is the integral defined by (17.2). 

We first show that, indeed, is well defined, for all A, as an element of 
L^(R). Since (fhj)^. = —^(hj)^., (17.2) can also be written as 






Aj{i\\^ 1X2 ; iA) dXi d \2 



/ XiAi,iA2;iA(si > ^2; s) ((1 + iv:£f{hi))\ (si) ((1 + i'n£f{h2))\^ (sa) dsi ds2 ■ 

(17.47) 

Now, in view of Lemma 17.4 and (17.30), the last integral on the right defines a 
function of s in L^(M), with a norm bounded by a constant independent of Ai, A2: 
using then (17.45), one can carry the dAi dA2 -integration, which shows that h\ is 
well defined as an element of L^(R), with a norm bounded by a constant times 
(1 + A^)^. Now, using (2.16), next (2.14), 

{hx,h3)= [ h3{x,£)\£\~^~^^ dxd^ 



(17.48) 



/ CXD POO 

h\{s)ds / h^{st,t)t~^^ dt 

-00 Jq 

/ oo 

h\{s){h 3 f_x{s)ds. 

-OO 



Using again (ha)^;^ = (1 + ^) ^ ((1 + ^3)-A’ integral on 

the right-hand side of (17.46) is convergent, and that it can be written as 

/ oo nOO nOO 

{hx,h3)dX^ATr dX hx{s) {h3f_x(s) ds 

-OO J —00 J —00 

/ oo POO P 1 

dX / (hsY_x{s)ds / (z Ai , i A 2 ; iX) dXi dX2 

-00 J —00 j =0 

[ XiAi,iA2;iA(si>«2;s)(/ll)^Asi)(^2)A2(52)c!sic!S2, (17.49) 

7r2 



a convergent 6- tuple integral. 
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The estimates which led to (17.49), primarily based on Lemma 17.4 and 
(17.45), show that, fixing Si and S 2 with \ei±S 2 \ < 1 and substituting everywhere 
z/i = Si + iAi and 1^2 = £2 F i ^2 for iXi and i \2 would let the integral on the 
right-hand side of (17.49) remain convergent. Then a contour deformation shows 
(using (17.43) again) that 




rfA = 4,/ f 

JRe L^i=ei JRe ^2—^2 ^ ^ 

, 122 ; iA(si,S 2 ;s) {h2)-r^^{s2) (/ 13 )^_a(s) dSl dS2 ds 



(17.50) 



for any such pair (^i, 62 )- We choose < 0, S 2 < 0 (still with 61+62 > —1) to 
be in a position to apply Lemma 17.4 presently. 

Next, decompose {hi)-iu-^ and {h 2 )-iu^ into polarized symbols according to 
(17.40): 



(^ 1 )— 21^1 (^7 {x sin cos 0 i ) dOi 

Jo 



(17.51) 



in the corresponding decomposition of {h 2 )-iu 2 i we use of course the angle O 2 
instead of 61 . Then, according to (17.39), 



{hi)+ 




1^1 sin^i — cos^il ^ dOi ^ 



where we have set 



1 7^ 



(17.52) 



(17.53) 



From (17.34) it follows that, given si g] — 1, 1[, b{ui^0i) is bounded for 0i G [0,7t] 
and Re z/i = sp. powers of Im can also be saved, so as to ensure the convergence 
of the following integral with respect to by the same trick as the one in (17.47). 

Thus 



± 1^2 rr 

J -00 + ‘'1=®! * ^ Jo Jo 

Re 122—^2 

/ dX K^^^y^.ix{si,s2;s)\sism0i - cosOil 

J -00 Jm? 



h{vi,0i) b{u 2 , 62 ) dOi d02 

|s2 sin6>2 - cos6>2r^“''^ 
{hs)^_x{s) dsi ds 2 ds ^ (17.54) 



provided we show the convergence of the new integral: this requires some more 
care, in view of the d9i d 6 2 -iu-tegration, and of the singularity which is to be 
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expected when 62 — 0 \ G ttZ, i.e., when the linear forms xsin^i — ^cos^i and 
X sin 62 — i cos 62 are not transversal (all our preceding lemmas have been based on 
the reduction to the case when these two forms were simply x and ^). Recalling 
(17.43), and noting that 

= Xei,e2;o(si,S2;s) (17.55) 

when Re z/i = £i, Re z/2 = ^2, one sees that one has to find an appropriate bound 
for the integral 



/(^l,^2)- [ 

Jr 

\si sin - 



I -1 + SI+E2 . I -l + £l-£2 I I -l-£l+£2 

|Sl-S2| 2 |S1-S| 2 |S2-S1 2 

COS0i|“^~^^ 1^2 sin 02 — COS02l~^“^^ 1(^3 )-a(^)1 ^^2 ds . 

(17.56) 



Performing when 02 — 0i ^ Z the change of variables Si -^2 c f ltj ’ ^ 

, where (^5) e G is defined as (“ 5) = f ) with S = sin(02 — 

cs+d ’ \cdJ \cd) \-S ^sine2 sin6>i7 ^ ^ 

01 ), one sees that sisin0i — cos0i transforms to S2sin02 — cos 02 

transforms to — ^ , thus 

CS2-\-d ’ 



7(0 



1 , 02 ) = 



-1-^1 +1 2 



-5 2 



|5il ^ \cs + d\ ^ 



(h + ^ 



dsi ds 2 ds . (17.57) 



Now, in the proof of [62], Lemma 5.2 (our present Lemma 17.2), we have computed, 
under the assumptions Si <0, S 2 <0, \ei — I2I < 1, tbo integral 



[ 



-l + £l+£2 I -l + £l -£2 

S 2 I 2 lSl-S| 2 



\S 2 — s\ 2^ ^ \si\ ^ dsi dS 2 






(17.58) 



for some constant C{si, 12)* Since, as a consequence of (2.14) and of the fact that 
G <Seven(I^^), onc has l(fi3)^;)^(s)| < C(1 4- <s^)~^ for some C > 0, it follows 
that 



I{0i,02) <C{ei, e 2 )\S\ ^ ^ j kl ^ \cs + d\ ^ (^1 + 



C(ei,e2)|<5r'-"= J{9i,e2) 



ds 



(17.59) 



with 



< 7 (^ 1 , ^ 2 ) = J |s| ^ [{as + b)'^ + {cs + d)'^] ^ ds 

+ J |sl +* ^ [{bs + a)'^ + {ds + c)"^] ^ ds . 



(17.60) 
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On the one hand, the L^-norm of the function s [(as + 6)^ + (cs+d)^] 2 or 
[{bs + a)^ + {ds 4- c)^]“ 2 does not depend on the matrix ( ^ ^ ) G G. Its L^-norm, 
however, does, as follows: the minimum of the function s 1— > (as + 6)^ 4- {cs d)^ 
as s describes the real line turns out to be (a^ + in our case similarly, 

the minimum of {bs 4- a)^ 4- {ds 4- c)^ is 1. Thus 



maXs^M [(as + b)^ + (cs + d)^] ^ < \S\ ^ 



(17.61) 



and, if ^ ^ = 1, p g] 2 ,oc[, one has ||s 1-^ [(as 4- 6)^ 4- (cs + d)^] 2 ||^p < 

1 2 — p — 1 — 

7 TP |dl“^. Provided that the function s 1-^ |s| 2 lies in L^([— 1,1]), i.e., 



1 -£ 1+£2 



> -, one thus has J(di,d2) < C \ 6 \ and /(di,d2) < C \ 6 \ 



-2-62 + ^ 



Since S = sin(d2 — di), the integral on the right-hand side of (17.54) will be 
convergent if one can choose p with | > and 82 < ^ — i-e., | < 

(still with |ci zh C2I < I5 Cl < 0 and C2 < 0), which is possible. 

In accordance with (17.8), we then set, if 61 — O 2 ^ ttZ, 

/ oo 
-00 

(17.62) 

a definition of the function (17.48) and Corollary 17.3 show that 

{d'elfii)^ ’ ^ 3 ) = 47ry {g'"e'SJ’x{s) {hzf_x{s) ds 

/ (h3f_x{s)ds /fi.i,t. 2 ;iA(si,S 2 ;s) |si sindi - cos 6 »i|-^'“‘'^ 

J — OO d]R2 

[s2 sind2 — cosd2|“^~^^ dsi ds2 . (17.63) 

dui du2 



= 4tt 



— f [ K^l,^l)b{l'2,02) 
^ Jo Jo 



Thus (17.54) reduces to 

r {hxM)d\= ( [ 

J — oo JKe v'i=£i JKe ^2=^2 ^ ^ 

( |xsindi — ^ cosdi|”^“^^ #|xsind2 — C cosd2p^~^^ , ) dOi d^2 . 

(17.64) 

On the other hand, using (2.13) and a contour integration, next (17.40), 
finally (17.41) and (2.16), we get, whenever si > —1, 



/Re 1^1 =£i ^ 



hiix,e> = [ 

JRe 

= [ ^ [ {hi)%^^{xsin0i - ^cos9i)d6i 

«/Re i/i=si ^ Jo 



i ^ 

t/Re 1^1 =£i ^ Jo 



X sin di — ^ cos 0] 



\-l-ui 



dOi . (17.65) 
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Thus 



diyi dv2 



Mh2M)= I f 

•/Re i'i=€i JKc 1/2 =£2 
^ b{ui,Oi) |xsin^i — ^ dOi^ # 

J b{u2,92)\xsin02 - d$2^ , hs^ , 



(17.66) 



and the only remaining problem is showing that, given i^i and R2 with — 1 < 
Re Ri <0, — 1 < Re 1^2 < 0, |Re (ri ± ^ 2 )! < 1, and hs G Seven{^‘^), one has 



(^(^J b{ui,0i) \xsmdi — ^cosOil ^ d9i^ # 

pTV \ \ nn pTT 

/ 6(R2,6>2) |xsin6>2 - Ccos^2r^“'^^ ) , ^3 ) = / / ^(ri, ^ 1) ^(^2, 6^2) 

Jo j! Jo Jo 

( jxsin^i — ^ cos^i|~^~^^ #|a;sin6>2 — ^ cos6>2|“^~^^ , /^3 ) d9\ d92 . 



(17.67) 



We first show that the two sides of this equation depend analytically on 
Ri, U 2 in the larger domain — 1 < Re ri < 0, — 1 < Re 1/2 < 0, iRo (ri — ^ 2 )! < 1, 

|Re (ri — 1 / 2)1 ~ (ri + R 2 ) < 2. Concerning the left-hand side, recall from 

(17.52) that the integral that appears as the first factor there is none other than 
(hi)_ii^^ (x, ^): in view of the direct Definition (2.18) of such a symbol, it can be 
decomposed, since it is smooth outside 0 and homogeneous of degree — 1 — ri, as 
the sum of an integrable symbol and a smooth symbol with bounded derivatives 
of all orders: each of the two terms thus produces a bounded operator on L^(E). 
To study the right-hand side, we need a lemma. 

Lemma 17.5. Assume that — 1 < Re z/i < 0, — 1 < Re i /2 < 0^ jRe (z/i — i/ 2 )l < C 

jRe (z/i — z/ 2 )l — Re (ri + R 2 ) < 2, and let hs G <S(M^). One has, for all 9\ and 92 

in ]0,7 t[, 

|( Ixsin^i — ^cos^il“^“'^^ #|xsin^2 — ^cos^2|~^~^^ ’ ^3 )| 

< C I sin((92 - " 2 ) (17.68) 

with some C > 0 independent of 9\, ^2 • 

Proof. We first give a slightly modified version of Theorem 11.3, using a contour 
deformation iX —e iX, 0 < 5 < 1, ending up with 



^ie+X 



(17.69) 
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with 



X > -l + £-t^i+U2-iX ~l + £ + ui-U2-iX 

hie+\{x,0 = ^ + ^ \^\j ^ ■ (17.70) 

i=o.i 

Looking at (11.27) and (11.29), we find that this integral decomposition is valid 
under the new conditions 

-1 < Re z/i < 0, -1 < Re z/2 < 0, |Re {ui -z^2)| <l-s, |Re (z^i + z^2)i > -l-s. 

(17.71) 

This leads to the following modified version of (17.62): 



|xsin^i — ^cos^il ^ #|a:sin^2 ~ ^cos^2| ^ 

with 



/: 



(S'e(,e2)*e+A(a;,C)c^A, 

(17.72) 



{ggl’ 2 )ie+x{x ,0 = |sin(6»2 -6>i)|^. ^ ^ Cj{ui,i'2;-£ + i\) 

j=o,i 

— l-\-£ — ui^U 2 — i^ — l-l-e + t'i — 1^2 

|xsin^i — ^cos6>i|^- ^ |xsin^2 — ^cos^2lj ^ , 

(17.73) 

where Cj{vi^ z/2; — ^ + ^A) is defined from (11.27) by analytic continuation: indeed, 
when the matrix ( I ) lies in G, i.e., when sin(^2 — ^1) = 1, this follows 
from (17.70) together with (2.5). If this is not the case, a simple homogeneity 
argument will do, after one has divided the first row of the matrix that precedes 
by sin(6>2 - 6>i). 

Consider, for large N ^ the integral 



1 = f 

JR2 



|xsin^i — ^ cos^i 



-l + g-Re (ui~U 2 ) 



|xsin^2 — ^ cos ^2 1 



-l + g + Re (^^l-^^2) 



(l + x"^ dxd^. (17.74) 

Assuming for instance Re 1^2 < Re z^i, one may write the integral /, setting 
^ = ^2 — , as 



/ 



lel 



-l + g-Re 



a;sin^ — ^cos^l 2^^ ^2 ^2^ ^dxd^ 



.^1 . ^1 -l + g + Re (t^l-^2) 

<C|sm 6^| 2 sup^ 



/ oo 

(1 + \x — ^ cotan ^1 

-00 



-l + g + Re (t^i-1^2) 



dx 



-l + g + Re (i^i~t^ 2 ) 
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Thus, recalling from (11.31) that the coefficient Cj{ui, 1 / 2 ; ~s-{-iX) is bounded 
by a constant times (1 + 



< C I (1 + 1 

= C I siney-'^ (1 + |A|)5i^® . (17.76) 

Finally, the dA-summability is achieved by the use of the integration by parts 
associated with (11.32). □ 

End of the proof of Theorem 17.1. Since the exponent of | sin (^2 ~ ^i)l fhe 
right-hand side of (17.68) is > —1, and the two functions b{uj,0j) are bounded, 
the integral on the right-hand side of (17.67) is convergent and (just like the 
left-hand side, as observed above), depends analytically on i/i, U 2 in the domain 
characterized by (17.71). One may thus be satisfied with proving (17.67) under the 
additional assumption that Re < — | and Re 1^2 < — To that effect, introduce 
the harmonic oscillator L = Op(7r(x^ +^^)) ifs domain D{L) as a self-adjoint 
operator in L^(R). Then D{L) C L^(R) and D{L)^ with its proper Hilbert 
space structure, is acted upon in an isometric way by all operators Met(^), g 
lying above the subgroup K = 50(2) of G. It then follows (by a reduction to 
the case when = f) that, since — 1 < Re < — |, the operator = 

Op(|xsin^i — (^cos^i|“^~^^) sends D{L) to T^(R), as well as L^(R) to 0(L“^), 
with a norm independent of Oi. Recalling that the two functions b{vj^0j) are 
bounded, we may thus write 




A 





b{vi,0i) 6(i/2, 02 ) ^1.2, 02 d9i d02 , 



(17.77) 



an identity between two bounded operators from D{L) to D{L ^): this concludes 
the proof of Theorem 17.1. □ 

Remark. Recall from (11.1) that 






It is immediate that 



Xix,,iXy,ix(s2,Si;s) = (-l)^XiAi.*A2;a(si>S2;s) 



(17.78) 



(17.79) 
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From this equation, and Theorem 17.1, it is clear that one gets for /ii#h 2 {resp. 

0 

the same expression as that provided by (17.1), (17.2), after one has kept, 

1 

on the right-hand side of (17.3), only the terms with j = 0 {resp. j = 1). 

We must now recall a few facts concerning the Radon transformation, and 
the result of some computations performed in [62, Section 4]. We parametrize the 
generic elements of the subroups N^A^K occurring in the Iwasawa decomposition 
oiG = SL{2,R) = NAK as 



n = 



1 h 
0 1 



a = 



' H 

62 

0 




sm f 
% 

cos I 



(17.80) 



Following the normalizations in ([23], ch.II, §3), we set dn = tt da = Trdr, 
dk = (47r)“^d^, which corresponds to the choice of the Haar measure 

dg = e-^P^^^^^Undadk (17.81) 



on G = NAK. Recall that p, the positive half-root, is the element of a* charac- 
terized by p ((J _°i)) = 1. 

The homogeneous space G/K is identified with the Poincare upper half- 
plane n in the standard way: its base point is i. Since the class of p G G in 
G/N is characterized by the left column of the matrix p, the space S = G/MN ^ 
with M = {i7}, can be identified with the quotient of M^\{0} by the equivalence 
relation which identifies two points, the negative of each other: in other words, 
functions on S are to be identified with even functions on R^\{0}), and the correct 
measure to be used on S is [62, (4.3)] that which corresponds to the Lebesgue 
integral of even functions on the whole of Also, the natural base-point of S is 
±( 1 , 0 ). 

One then defines the Radon transform V from functions / on II to functions 
on S by the formula 

(^/)(ff-(l,0)) = / f{{gn).i)dn (17.82) 

Jn 

and its dual transform V* (from functions /i on S to functions on II) as 

{V*h){g.i)= [ h{{gk).{C0)dk. (17.83) 

JK 



The two operators V and V* are formally adjoint of each other under the 
given normalizations of the measures on II and S. However, V is not an isometry, 
and does not have a dense range in any meaning: the second of these two facts is 
fundamental, but the first one is a defect, which can be repaired with the help of 
the operator 



T = 



/7T\ ^ r (^ - inS) 
(2) T{-i7r£) 




t-i{lFt) 



l-\-i7rS 



dt. (17.84) 
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Recall that S is essentially self-adjoint on when given the initial domain 

^tiat was made explicit in (2.10). The operator TV is 

an isometry from T^(II) to some subspace of which we shall describe 

presently. Set, as an operator on 

^ C 2 ^7T^) f c)^\—2i'KS { -\ ^7 oc:^ 

^ — -p/1 . (17.85) 

an involutive unitary transformation. To understand one may note ([56], Propo- 
sition 4.1) that if h{x,^) = ho{x‘^ +^^), then (ac/i)(x,^) = (x^ +^^)~^ho((x^ -h 

The following is taken from [62, Theorem 4.1]. 



Theorem 17.6. The unitary transformation TV , initially defined on the space of 
continuous functions on II with a compact support, extends as an isometry from 
L^(n) onto the subspace Ran(TP) of consisting of all functions invari- 

ant under the symmetry TkT~^. The operator V*T* extends on Ran(TP) as the 
inverse of TV , and is zero on the subspace (Ran(TP))-^ of consisting 

of all functions h with TkT“^/i = —h. Moreover, the isometry TV intertwines the 
two quasi-regular actions of G — SL{2,R) on T^(II) and respectively, and 

transforms the operator A — | on T^(II) into the operator on T^(S). 



We need to recall from [62, (4.34) and (4.36)] the formulas 

f ( ) /(^) Mz) 

JU 



r(f) 



iTVf)\{s) = -(27t)-5 



Im 2 ; 



and 



F ( iziiA) 

{V*T*hx){z) = ( 27 r)-i ^ " ’ 



/ OO 

h\{s) 

-00 



\z — s 



1 I i\ 

2 \ ~2+^ 



r(-f) V 

Also, from (11.4), (11.6), together with Theorem 17.6, it follows that 

^ V ( iilA j F ( JLziA j 

VT-iTVfU^- 



(17.86) 



ds. (17.87) 



(17.88) 



We are now in a position to relate the Weyl sharp product on even functions 
on to the pointwise products and Poisson brackets of functions on II. 

Lemma 17.7. Given h G <Seven(R^)> one has for all A € R, 

(u,|Op(hA)u.) = 2 (27 t)^ r {V*T*hx){z) (17.89) 



and 



(ui|Op(hA)ul) = -2fA {2ny T yT*hyz) . 



(17.90) 
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Proof. Recall that the role of the Wigner function W{u^ v) associated with a pair 
of functions u, u G S{R) was explained in (2. 3), and that W{uz,Uz) and W(ul,ul) 
were made explicit in (2.27) and (2.28). We need the decomposition of these two 
functions into homogeneous components: with the notation (2.13)-(2.16), it has 
been found in ([62], (13.14), (13.15)) that 






1 “h iX 
2 



Im z 



2 



and 

{W{ul,ul)){=iX{W{u,,u,))i. 
Then, using also (17.48), one has for every h & .Seven (R^), 

(u^\Op{hx)uz) = {hx,W{uz,u^)) 

/ OO 
-OO 



(17.91) 

(17.92) 



(17.93) 



so that (17.89) follows from (17.95) and (17.87); (17.90) then follows from (17.96). 

□ 



The following theorem should be compared to Theorem 11.4: 

Theorem 17.8. Given h\ and h 2 € 5even(R^), one has for all A € E, and all 
z eH, the equations 



nOO poo 

^•=0 J-ooJ- 

r(i^)r(i^) 



(Mz|Op((/Ii#/ 12 )a)Mz) = 



p p + f(A-Ai-A2)+2j Id 



94 






(Uj|Op((/Ii)ai)u^) X (m^|Op((/12)a2)Wz) 

3 



dXi dX2 , 



(17.94) 



|A| 



and {ul\Op{{hi^h 2 )x)ul) is obtained by the same formula, substituting u\ for 
Uz everywhere and inserting the extra factor under the integral. 

Proof. To start with, we need to recall again two formulas from [62]. Propositions 
8.1 and 8.2 there deal with two functions ui and U 2 on the real line, and with 
their lifted-up versions u\ and U 2 as homogeneous even functions on of degrees 
— 1—iXi and —l—iX 2 : the operation u 1 -^ ttMs the reciprocal of the operation h\ •— > 
defined in (2.15), and we shall assume here, to start with, that ui = (/ii)^^ and 

U2 = (^2)a2 for some functions hi and /z 2 G Sevenf^^)^ so that u^j = {hj)\j. The 
regularity assumption in the two quoted propositions is that u\ and U 2 should 
belong to the spaces and of (7^ -vectors of two representations Tr^Ai 
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and 7TiX2 taken from the class one principal series of G: there is no need to define 
these spaces here, as it suffices to recall from [62, (13.17)] that, indeed, does 
belong to the appropriate space whenever h G <Seven(l^^)- We may then quote 
the two propositions under consideration in one stroke, using the notation (11.2): 
if hi and /z 2 lie in <Seven(I ^^)5 one has for almost all 5, and j = 0, 1, 



[ XiAi,iA2;iA(«l>S2;s)(/ll)Ai(sl)(^2)A2(s2)t^Si(iS2 = 25 TT^ 

JE2 



r(^)r(^)r(f) 



P ^ 1 — ^(A + Ai+A2) + 2j ^ P ^ l + i(A — A]^+A2) + 2j ^ P ^ l + ^CA + A^— A2) + 2j ^ P ^ l + t(A — Aj— A2)+2j ^ 

TV{{V*T*{h^)x,)x{V*T*ih 2 )x,))] (s). (17.95) 



Thus, from (17.99) and Theorem 17.1, 



pOO pOO 

{hi#h2)\ = ^T^Y^{-iy / / ( 27 t ) 

J_Q J -oo J -oo 



^ — A + A]^ +^ 2 ) 
2 



r(^)r(-f^)r(f) 



1 + 7(A-A| -A2) + 2j l + i(-A-Ai+A2)+2j l + i(-A + Ai - A2) + 2j 1 + 7(A + Ai+A2) + 2j ^ 



TV{(V*T*{hi)x,) X {V*T*{h2)x,)) j dXi dM . 



(17.96) 



Next, using Lemma 17.7, 
(tt^|Op((/li#/l2)A)Wz) = 2 (27 t)'^ r 
Using also 






(U*T*(/ii#/i2)a)(^). (17.97) 



U*T* ( TU((U*T*(/ii)aJ X (U*T*(/i2)a.)) 

0 / A 



7T r(i^)r(i^) 

( iA > 



{V*T*{hi)x,) X {V*T*{h2)x2) 
j 



2 r(f)r(-f) 

a consequence of (17.88), finally, in the same way as in (17.101), 

1 ( 27 t ) 



, (17.98) 



{V*T*{hj)xMz) = 



(-^) 



{uyOp{{hj)x,)uz) , 



(17.99) 



one proves the first part of Theorem 17.8. The second one is the result of a com- 
parison of (17.89) and (17.90). □ 
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The game can be played in reverse, yielding 

1 

(uz\Op{{hi)xJuz) X (m^|Op((/i2)a2)m^) = ^ iC 



r(f)r(^) 



Uz\Op ( ( (/h)ai#(/12)a2J juzj dX. 



(17.100) 



Consider for instance two homogeneous symbols in the commutant of the har- 
monic oscillator, introduced just after (17.76) and needed to complete the proof 
of Theorem 17.1: 

Theorem 17.9. Let 7 t£{x^^) = 7t(x^ be the symbol of the harmonic oscillator 



— 1 — 



L. Assume that —1 < Re z^i < 1, — 1 < Re z /2 < 1- Let h = i 2 ^ 
composition of the two Weyl symbols under consideration. Then 

1 i^i^U2-iX-l -1 -i^ 

h \ = |( 27 t ) 2 £ 2 

p ^ l+i^i+t^2 — j p ^ 1+1^1— 1^2 p ^ 1 — i/i4-i^2+^A ^ p ^ 1 — 1/1 —U‘2 — iX ^ 



be the 



P(i^)P(i^)r(i^) 



Proof From ([53], (1.6) or (1.8)), one has 



Op(e 



— 27Tsi 






2\-i 



1 — s 

1 + 5 



0 < 5 < 1 . 



Setting, for 0 < 5i, 52 < 1, 



(1 - 5i)(l - S 2 ) _ 1-5 
(1+5i)(1 + 52) 1 + 5 ’ 



z.e., 5 



si-{-S2 

I+S 1 S 2 



, hence 1 — 5 "^ = 



2 _ (l-s?)(l-gp) 



(l+SlS2)^ 



-, one sees that 



a formula still valid, by analytic continuation, for 5i >0, 52 > 0. Since 



(27t)^ 



r(+) 



/ 



-2tksI 



s 2 ds, Re z/ > —1, 



(17.101) 

(17.102) 

(17.103) 

(17.104) 

(17.105) 



one has 



h: =£^^#t 



t/ t+i/2+2 

(27t) 2 



T{^)T{^)k Jo 



. 



2^ ^1+^2 £ d5i d52 



1 + S1S2 



1 + 5i52 



(17.106) 
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Thus 



hx 



( 27 t) 



^ 1+^2 



POO POO POO 

r(^)r(^i, L Jo * 

p(l±iA) 



A g- 27 Tt^ 



1 ^i+.2-iA-l 

2 ^ " r (^) r (^) 



£ 2 A), 



_£i±£ 2_£ dsi dS2 dt 

1 + S1S2 

1 + 5iS2 



(17.107) 



with 



POO POO -iA-1 , . lA-1 

I{vi,U2]\)= / / 2 S2 ^ (S1+S2) 2 (H-51S2) 2 dSidS2 

JO Jo 

^ Y ^ l-\-ux+U‘ 2 —i\ ^^ Y ^ I+I^i— t^ 2 +tA ^ Y ^ l — l^^ +t^ 2 +^A ^ Y ^ 1 — 1 ^ 2 — ^ 



r(i^) r(i^) 



(17.108) 



where the last equality is obtained by the change of variables si = t^x ^ ^ S 2 = 

t2X2. □ 



Remark. One cannot help noticing a certain analogy between the coefficient in 
(17.101) and the one in the integral term of (15.33). This is quite justified, since 
in both cases we are interested in the expansion into homogeneous components 
of the sharp product of two homogeneous objects: only, these are T-invariant in 
(15.33) and K-invariant {K = SO{2)) in (17.101). 

Theorem 17.9 gives a quite different proof of the following formula, first given 
by Mizony, whose proof [33, 34] depends on an ingenious identity concerning the 
function 3 F 2 : 



Corollary 17.10. For every 6 > 1, one has 



p ^ l+h~-^~^l~l~^2) ^ p ^ l + 7(~-^ + ‘^l ~^2) ^ p ^ 1 + 7 (A+Ai+A 2) ^ 
p ^ ~l~^2) ^ p ^ ~^2) ^ p ^ 1+2(A— Aj +A 2 ) ^ p ^ 1— i(A+Ai -|-A2) ^ 



r r C-^) r {^±^) r 



X 1 + »A. (<5) dX. 



(17.109) 
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Proof. From (17.89), then (17.87), it follows that 

(w,|Op(£^)u,) = 2 (2ny^ r iV*T*£^){z) 

= 2 (27rr^-i r 



P - g| 
Im z 



iX-1 

2 



ds 



^ (27T)*^+5r 



1 -iA 



2 



^P_i+^(coshd(i,z)) , 



(17.110) 



where d is the hyperbolic distance on II: the last equation is a special case of the 
formula 

2 — - — — 

— —] ds = ^^_i^ix(coshd(z^w)) (17.111) 

Im 1 C / 2 + 2 ^ 




proved in [62, (4.38)]. The corollary is then a consequence of Theorem 17.9, 
(17.100) and (17.110), setting 6 = coshd(i, 2 ;), together with the observation that 
the integrand on the right-hand side of (17.109) is invariant under the change of 
A to —A. Of course, a symbol such as i 2 does not lie in <S(M^), but this is 
easy to repair, using instead the approximation 



(6 + £)"^e-2-"^ 






□ 



Remarks. A few remarks concerning either the Op^-calculus or a comparison be- 
tween the results of Sections 15 and 17, are in order. 

Theorem 17.1 extends to the Op^-calculus, with the sole difference that 
the Gamma factors on the right-hand side of (17.3) (the coefficients denoted as 
Aj{v\^ z/ 2 ; ^A) in (17.43)) should be replaced by some coefficients (i^i, z/ 2 ; ^A): for 
the proof of Theorem 17.1 relied entirely on Theorem 11.3 (the spectral decom- 
position of the sharp product of two power functions), and it has been proved in 
Theorem 12.9 that Theorem 11.3 extends to the Op^-calculus, at the sole price of 
changing the coefficients Gj(z/i, t' 2 ] ^A) to p-dependent coefficients. That we do not 
write the Op^- version of Theorem 17.1 explicitly is only due to the fact that the 
results of Section 12 do not make the coefficients Cj(z/i, 1 / 2 ; ^A) fully explicit: they 
are given instead by recurrence relations. It is only when p = 0 (the Weyl case) that 
the formulas which are the results of Theorems 17.1 and 17.8 are actually simpler 
for the full calculus than for its even-even and odd-odd parts considered separately. 
This may be the occasion to state that Theorem 17.1 extends to the case when 
symbols which are not necessarily invariant under the map (x,^) (— x, —f) are 

considered. Indeed, this more general case is considered in [62, Theorem 5.3]: even 
though the proof there is far from being as complete as that of Theorem 17.1 in 
the present work, only the algebra differs. 
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Concerning the sharp product of automorphic symbols, our first guess of 
Theorem 15.1 was based on a simultaneous consideration of Theorem 17.1 (in its 
earlier version from loc.cit.) and of the results of [62] regarding the Roelcke-Selberg 
decomposition of the product or Poisson bracket of two Eisenstein series. Indeed, 
denote as 0 the map introduced in Proposition 2.1, which associates with an au- 
tomorphic distribution h a pair of automorphic functions on II, namely the two 
functions z i-> {u'^\Op{h)u^) ^ p — 0 or 1. Then Theorem 17.8, a consequence of 
Theorem 17.1, would seem to relate the Roelcke-Selberg decomposition of the im- 
age under © of the symbol to that of the two functions ^ 

2 2 

and , E\_^^ }. Only Theorems 17.1 and 17.8 are very far from being appli- 

2 2 

cable to such singular distributions as and . Still, disregarding difficulties 
and concentrating on the computations, we certainly got in this way the right 
result: this was a third verification of the formula for the sharp product of two 
Eisenstein distributions since, besides the genuine proof in Sections 12 to 14, we 
already gave a completely different heuristic “proof” of it in Section 5. 

It is clear, from such formulas as (6.21), that the two main theorems regard- 
ing the existence of explicit formulas for or should admit 

extensions to the case when {p — 1,2,...) is substituted for in other words 
in the Op^-calculus. That we have not made these formulas explicit is due to 
the following two reasons: first, more readers are likely to be interested in new 
facts concerning the ubiquitous Weyl calculus than in the structure of new calculi; 
next, when p > 1, the formulas should again be more complicated and involve 
coefficients only determined by recurrence relations. Still, it is important to note 
that, contrary to the case of the Weyl calculus in which the definition of #3^5,2 
had to be somewhat indirect, based as it was on Proposition 13.1 (a definition 
of rather than of the definition of would be 

perfectly natural for p > 2, in view of Theorem 10.6. 



18 Odd automorphic distributions and 
modular forms of non-zero weight 

Our purpose in this section is to stress that the whole Weyl calculus, not only the 
part associated with even symbols, has interesting connections with modular form 
theory. Our emphasis is not on the interesting new arithmetic facts that emerge 
when substituting for P a congruence subgroup P', or when twisting the definition 
by characters of P': only, doing this is unavoidable in the present context. 

As a consequence of Proposition 2.1, an automorphic distribution 6 can 
be characterized by a pair of non-holomorphic modular forms and /^, where 
f^{z) = {uP\Op^{&)uP). That one gets a characterization is due to the fact that, 
by definition, an automorphic distribution is even (since the matrix ( ) lies 
in P): consequently, the associated operator commutes with the map u. 
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We now generalize the concept of automorphic distribution, allowing a sub- 
group r' of r and a character x of T' to enter the picture: a F'-automorphic 
distribution 6 with character x shall be any tempered distribution satisfying the 
equation 

&°9 = x{g)& (18.1) 

for all g eT'; the left-hand side of (18.1) is still defined by the equation {& o g^h) = 
o for every h G Introducing a non-trivial character is unavoid- 

able if one wants, so as to give (as opposed to II) its full role, to consider 
odd symbols as well. Indeed, the equation (18.1) cannot be valid, if S ^ 0 is 
odd, unless the condition x{{~o -i)) = is satisfied (assuming of course that 

-lev'). 

In the odd case, instead of the above-defined functions and /^, we must 
now consider the functions and where 



yp,i-P(^): = („P|0p^(6)«y^) : (18.2) 



again they characterize the (odd) distribution 0. As will be seen, the two func- 
tions so defined will be modular forms of weights =pl and character x- We take 
from [8, p. 135] the definition of a F'-modular form of weight k and character x? 
with x(( V -i)) ~ ^ function / on II, satisfying the automorphy 

condition 



/ az Fh 
\cz F d 



aFbz ^ 
a -h bz~^^\ 



xig)fiz), 



5 = (?S)er', 



(18.3) 



at the same time of moderate growth at infinity {i.e., bounded by some power of 
Im as Im z ^ oo) and an eigenfunction of the Maass differential operator [8, 
p. 129] 

A. = A + >Mm (-i) (.^l + S^I). (18.4) 



One may remember that the usual definition (loc.cit.) involves the multiplier 
instead of the one above: the two notions are related by the fact that, 

with 



f{z), 



(18.5) 



the function f is automorphic in the usual sense if and only if the function / 
is automorphic in the sense of (18.3). Our present slash operator thus has to be 
defined as 

aFbz~^\ ^ ^fazFb^ 

9 ' 

I k 



{z) = 



f 



(18.6) 



\aFbz~^\J \czFd^ 

and the operator is the conjugate, under the 5fc-transform, of the usual oper- 
ator Ak = A Fik (Im z)(^ -h ^) : it is also the conjugate of under the map 

/ f, f{z) = fi-D- 
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One may also recall {loc.cit., p. 144) that the study of Maass forms of gen- 
eral integral weights can be essentially reduced to that of forms of degrees 0 
and 1. As a matter of fact, it is quite possible to obtain Maass forms of arbi- 
trary integral weights j — k in a direct way, substituting for {uP\Op^{(B)u'^) or 
with p = 0 or 1, more general expressions {vi\Op^{&)v^) , 
where the function vi (not to be mistaken for ui except in the cases when 
j = 0 or 1) is the j-th eigenfunction of the ^-dependent harmonic oscillator 

Lz = Op(7T )• However, this may not be necessary since in any case an even 

or odd automorphic distribution is fully characterized by two of the four functions 
{u^\Op^{&)uD with p = 0 or 1, g' = 0 or 1 . 

Concerning the unavoidable occurrence of the intertwining operator Sk, we 
must emphasize again that the constraint of compatibility with the Weyl calculus 
left us no choice whatsoever (it is essential that one should have Met{g)uz = 
0{g^z)ug,z for some complex number 0{g,z) of absolute value 1): to see it in 
a different light, let us mention that some formulas would have been simpler if 
we could have worked throughout - as we did in [55] - with the right half-plane 
rather than the upper half-plane. On the other hand, one may observe that no 
automorphy condition could be simpler than (18.1), which concerns automorphic 
distributions rather than modular forms. 

It may be interesting to start with an effective construction of all characters of 
r, which can be neatly done with the help of the metaplectic represent^ion Met: 
recall that this is a representation, in «S'(R), of the two-fold covering 5L(2,R) of 
5L(2,R), and we are interested in its restriction to the part T of S'L(2,R) that 
lies above F. Though it is rather delicate (the Maslov index theory is needed in 
general, and quadratic residue symbols are necessary [44] for the arithmetic case) 
to make the representation Met explicit without any ambiguity, it is quite easy 
to describe it up to the ambiguity factors ±1: indeed, right after (2.4), we have 
recalled that the unitary transformations associated with points g that lie above 
the points ^ — ( | J ) and ( -?i o ) ^ (these two matrices of course generate 

F) are respectively the operator of multiplication by the exponential expzTrx^ 
and times the Fourier transformation. Now, if E is any e-yen- dimensional 

subspace of S\R) invariant under the metaplectic transformation, and if Met^; 
is the metaplectic representation considered as acting only on it is clear that, 
defining for any p G F the number xiS) as the determinant of Met£;(^), one gets 
a character of F which actually can be identified to a character of F (since, up to 
the possible multiplication by —1, Met E{g) only depends on the image of ^ in F). 

Proposition 18.1. Given any even number N > 2, the linear subspace E^ of 
<S'(R) a basis of which is provided by the distributions VN,q (q rnod N) with 

VN,q(x) + n) ^) 

jez 

is invariant under the metaplectic representation restricted to F. 
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More precisely, for every q, one has 






VN,q 



VN,q 



and 



iTT ITT 3 ^ ^ 

4 T VN,q = e 4 TV 2 y 






r mod N 



(18.8) 



The associated character xn — det Met^N , as explained just before the state- 
ment of Proposition 18.1, is given on generators of T by 

= and XK((_»,J))=i"+“. (18.9) 



If 6|AT^ Xn generates the group of all characters of T. 



Proof The first of the two formulas (18.8) is trivial. For the second one, we use 
Poisson’s formula 



k j 

valid for any real number a ^ 0, to find 



a 



{J^VN,q){x) = y] 



^ — 2iTx (fc+^) \fN X 



(18.10) 




Setting k = Nj 4- r, r mod N, we get the second of the two formulas (18.8). 

2 

The determinant of the matrix associated with the multiplication by is 

exp ^(1^ + • • • + (A^ — 1)^) = exp in . The determinant of the matrix 

associated with the transformation e~^ T is e~^ N~^ times the determinant 
A = det ((^*^^)o<q,fc<iv-i), where ^ is a primitive A'^^-root of unity. In view of the 
relation {e~^ J^)‘^ = —iC with Cv = v, together with CvN,q = VN,-q, it is easier 
to compute A^, which is det {{bqk)o<q,k<N-i) with bqk = 0 unless q F k = 0 
mod N, in which case bqk = N] thus A^ = (— 1)^ 2 ~ . This yields 

Xn{{-i 0)) = some e = ±1, since i~^ x (— 1)^ 2 - = —1 as N is 

even. 
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Set s = (_?io) ^ — (i 1)5 = (*^0^ — (V -i)- Thus, for 

any character x of F, x(^) must be a fourth root of unity, and x(^0 must be 
a sixth root of unity; also, F can have at most 12 characters. Now, as shown 
by what has already been proved of (18.9), Xn{s) is a primitive fourth root of 
unity for every TV, and Xiv(^) is a primitive third root of unity whenever TV is 
divisible by 3, which proves the last statement in Proposition 18.1. Finally, since 
x(— 5t) — x(«^^^) = ^6 - is a third root of unity, it follows that 

s = (-l)f+\ □ 

Remark. In particular, there are six characters x T such that x(( V -1 )) ~ 

We first justify the claim above concerning the link between F'-automorphic 
distributions with character x ^^d the corresponding modular forms. 

Theorem 18.2. If & is a T' -automorphic distribution with character x? homoge- 
neous of degree — 1 — TA, the function 

= (u^|0p^(6)u^) 

= ( 18 . 12 ) 

is a T' -modular form of weight —1 with character x? on which the operator A_i 
takes the eigenvalue - TA - , 

The same holds with the function f^'^{z) = (ul\Op^{&) Uz), only changing 
the weight —1 to 1. 

Proof. First, we establish the equation 

W{u^, ul){x, = 2ni ^Im ^ (a; - z^) exp • (18-13) 

to do this, we note that the case when z — i^ i.e., 

W{ui,ul){x,f,) —2ir^ (x — ^ (18.14) 

is an easy consequence of (2.2). Next, observe that when restricted to the subgroup 
N'A of S'L(2,M) = NAK, where TV' is the image of TV under the conjugation by 
the matrix the metaplectic representation can be defined by the formulas 

which follow (2.4), without any need for lifting them to some cover of the (simply 
connected!) group N'A. In particular, setting 

(Met ((“ )) u) (x) = a" 2 u{a~^x) , (18.15) 

one sees from (2.24) that Met((“ )) = rif, p = 0 or 1, provided that 

2 ; = Then, from the covariance formula (2.6) and the fact that VF(0, V^) is 
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also the Weyl symbol of the rank-one operator v i-^ {(p\v)^^ one finds 

W{uz^ul){x, =27ri {a~^x -t- i{cx — a^)) 

X exp — 27r[a~^x^ -(- {cx — , (18.16) 

the same as (18.13) in view of the equation defining z in terms of a, c. 

From this identity, one routinely checks the transformation formula (using 
(18.6) with k = —1) 



W{u,,ul)ix,0 



g = W{uz^ul){dx — —cx -h a^) 



-1 



= W{uz,u\){g ^(a:,0) 



(18.17) 



and the same applies after one has substituted 2 2 W{uz^ u\) for W{uz^ u\). 
Then, 



fO,l 



9 (^) = 



\a + hz 
a -h bz~^ 



a + bz ^ Q 1 l^az Fb\ 



= y (x,{) « 2-4-“ W{u,.nl){x,0 



(18.18) 



where we have used (18.17) at the end. If 0 is automorphic, the last expression 
coincides with y(^) f^'^{z) when g G F', so we are done for the first part, for what 
concerns the transformation rule. The differential equation will be a consequence 
of the more general lemma that follows. 

Next, 0 is automorphic with character y if 0 is automorphic with character 
X, and /^’^(^) is the complex conjugate of (u^|Op^(0) u^), which reduces all 
that has to be proven about to the similar facts regarding □ 



Looking at the formula (18.13) for W{uz^ 0? we need to establish that 
all functions in a related class satisfy a certain differential equation, comparable 
to (2.29) but more complicated. 

Lemma 18.3. Given any function (j) on [0, 00 [, the images under the operators 
A-i~ j and F 8^ of the function 



X — z^ 

z 



1 

2: 



\x - 



Im 



Im 2: 



(18.19) 
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are the same. It should be understood, of course, that the first (resp. the second) 
of the two operators acts on the given function when considered as a function of 
z (i-esp. 

Proof. Start from the function 



(-i)) 



(18.20) 



it is the transform, under the involution f ^ f {cf. what follows (18.6)), of the 
function (Im z )~2 whose image under the operator mentioned right 

after (18.6) is easily computed to be 



him z) 2 ^ ( — !— ) _ 3 (Im z) ^ 0' ( -J—) - (Im z) h" f ^ 



It follows that 



(18.21) 



{Ak'ipKz) = (im (-J 



I- H) 



3 ( Im 



I- (-i) 



Im 



Now, choosing some matrix 



c d \ c d 



(18.22) 



(18.23) 



such that {^) = g ^ ) , we get 



^ ^ j (^) = ^ 






(18.24) 



We can then apply the fact that the slash operation of weight — 1 commutes with 
the operator A_i, finding 






\x-z^\' 



X — 






7" -I 



Im z ) \ Im ^ 



(18.25) 
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On the other hand, since only enter the function under consideration 
through two homogeneous combinations, it is not difficult to find 






X — 



Im 




k - 

Im z 



Im z J Im z \ Im 2 : / 



X — 

z 



Im 



1 



2 



Im z J \ Im 2 : J 



(18.26) 

□ 



Needless to say, since W{ul,Uz) = W{uz,ul)^ the consideration of in- 
stead of leads to the consideration of the class of functions analogous to (18.9), 
with 2 :“^ {x — z^) replaced by its complex conjugate: then, the same result applies, 
only substituting Ai for A_i. 

Remark. Let L be the standard harmonic oscillator considered in Theorem 17.9 
or in the end of the proof of Theorem 17.1, also as the case s = 0 of the operator 
A of Proposition 7.15: L = Op(x^ + ^^). A complete orthonormal basis of L^(M) 
is provided by the sequence (u^)fe>o, with where A* = 

7 T 2 (x — ^^) and v{x) = . In terms of the ordinary Hermite polynomials 

Hk, one has 

v’^ix) = 2i-i (fc!)-5 Hu {V^x^ . (18.27) 

More generally, given any point 2 ; G II, consider the oscillator 

Considering the image under the metaplectic representation of some g lying above 
the matrix ), one sees that, if 2 : = the functions defined as 

v*;{x) = a~i v^{a-^x) (18.29) 

constitute a complete orthonormal basis of eigenfunctions of the oscillator L^. 
Then, substituting for the function in (18.12) the function 

P'^{z) = ivi\Op^{e)v^,), (18.30) 

Theorem 18.2 fully extends, only substituting the weight j — k and the operator 
Aj-k foi" —1 and A_i. 

One can now generalize the Dirac and Bezout distributions: given a subgroup 
r' of r and a character y of T' trivial on the subgroup T'^ = T' fl T^, we set. 
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with D and b defined as in (3.29) and (3.30), 

2)prime^27r ^ x(5) 5 ° 5“' 

ser'/r's„ 



and, formally at least, 



^ x{g)bog'^. (18.31) 

ser'/r'^ 

These are T'- automorphic distributions with character x sts defined in (18.1). 

There is of course no convergence problem (in the space of tempered distri- 
butions) regarding the first of these two series, but we must again consider the 
second one more carefully. Assuming that ~I = G T', the case when 

x(— /) = 1 is taken care of by Theorem 3.3, requiring that one should consider, 
for £ > 1, the distribution 

K = l E x(g)b^og-^ (18.32) 

instead of 05^. 

In the case when x(~-^) — we need to reconsider our definition slightly 
(c/. the observation that immediately precedes the statement of Theorem 3.3), and 
we introduce instead of b^ and the distributions 

c' = (18.33) 

(compare (3.40)) and 

E x{g)c^og-^: (18.34) 

we can now give an analogue of Theorem 3.3. 

Theorem 18.4. Assume that £ > 1. The series defining , h) converges when- 
ever the function h G <S(R^) lies in the image of <S(R^) by the operator 2^8. 

Proof Starting from (3.52), and noting that the operator [2i7r8 ^ ^ ~ ^ ~ 

cr -h ^ ^ is also the operator which occurs on the right-hand side of (3.51), one 
finds the equation (applying (3.52) to h = 2i7r5 / rather than /) 

In,m (2f7T S [-47r^f^ - 1] /) = - ^ .2iTr£ f\ 



47T^ f f 2 I 

from which the theorem follows, with the help of Lemma 3.4. 



/ 



(18.35) 

□ 
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One should note, however, that the function associated with - con- 
trary to - will be zero for an arbitrary choice of x- For the distribution b 
introduced in (3.30) is invariant under the Fourier transformation in (2.7), hence 
b is invariant under Q and, as explained right after (2.9), the operator 
Op^(b) = Op(2~^~"^^^ b) vanishes on odd functions; so does, then, Op^(QS^) 
considered on any space of odd functions on which it is meaningful. However, as- 
suming x{~^) = — 1, a non-trivial result may be obtained from the consideration 
of 

(«i|Op^(b)u,) = (b,2-5--^W(wi,«,)) , (18.36) 

where, setting z = x iy again, 

(2-i— ^ W(ul, uMs, <7) = ' 1^1 exp . (18.37) 

Theorem 18.5. For any integer N > 1, and any complex number v such that 
Pe V < —1, set 




z 



9 ={ 



ni 

mi 



E 

ml )er'/r' 



x{g) 



V 

— miz + m\^ 



1-u 

2 



\-miz-\-ni\ m 2 Z-n 2 /.qoqx 

exp zittN . (18.38) 

—mizFni —mizFni 



Then, for every integer i- > 1, one has, with defined in (18.34), the 
identity 

I Op^(€^) w^) = (47 t)^ ^ £ + 1) . (18.39) 

Proof. Before giving it, we make a few observations. First, the extra factor in 
(18.38) accounts for the operator Si in (18.5): dropping this factor, one gets a 
F'-modular form of weight 1 with character x fFe usual sense, actually, again, 
a Poincare-Selberg series. The number N in the exponent is not needed in the 
present theorem, but would occur, as shown in Proposition 5.3, when the action of 
Hecke’s operators is considered. Finally, the series that defines {ul \ Op^{€^) Uz) 
is, indeed, convergent, though a direct claim to Theorem 18.4 is not possible. For 
the function W{uj,Ui) conjugate to the one in (18.14) does not lie in the image 
under the operator 2z7rf of any function in «S(M^): it can, however, with £ = 0 
or 1, be written as the image of the function 

(s,a)^2-t7r-5(s-*CT)-i (e - , 

either of which is either slightly singular at zero or not rapidly decreasing at 
infinity. 




18. Odd automorphic distributions and modular forms of non-zero weight 227 



We start with the equation (a consequence of (18.36), (18.37)) 



U| / 7 T \ 2 roo 

\^y / j —oo 
= (27r)ige2-^ 

a result to be compared to (3.56). Then 
{ul\Op^{ce)uz) 

= (ul I Op^ ( + i) ... + 






ds 



b u. 



b , ( 2 + 



+ £ - 



(£-0') . 



Applying (18.40) and Lemma 18.3, we get 
(4 I Op^{ce) u^) = Ai (Ai + 2) • • • (Ai + £(£ - 1)) {ul \ Op^(b) u^) 
We thus compute, with f{z) = recalling from (18.4) that 

A + iy(|^ + fi), 

= [27t( 2£- l)t/^+^ 



Ai (//(^)) = / 






SO that 



Ai(Ai+2)...(Ai+£(£-l))(^y^e2*-)=(47r)^i|...(£-0/+i^, 



and 



{ul I Op^ia) u,) = (27t) 2 (inf - ; O e" 



^ D i+l „2i7T2 

r(|) kl 

On the other hand, using (18.13), we get 

{ul\Op^{ceog~^)uz) = (cfoy-i , W{ul,Uz)'j 

= (^Ce,2--2-"^W{ul,Uz)og) 

= iul\Op^{ce)uz) g~^ . 

1 

The last equation, together with (18.45), leads to Theorem 18.5. 



(18.40) 



(18.41) 

(18.42) 
Ai = 

)/ , 

(18.43) 

g2i7T^ 

(18.44) 

(18.45) 



(18.46) 

□ 
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19 New perspectives Eind problems in 
quantization theory 

The word “quantization” covers a variety of activities. We take it to mean, ap- 
proximately (and half-jokingly), pseudodifferential analysis plus harmonic analysis 
minus applications to partial differential equations. The rule of the game is to em- 
ulate, as best one can, Weyl’s 1926 definition of his symbolic calculus. Experience 
shows that there are many possible directions in which this can be achieved. We are 
concerned, here, only with situations in which a good group invariance is present, 
and we shall be especially interested in the structure of the composition formulas. 
We shall also raise a number of questions, some of which seem quite tractable. 

First, let us make it clear from the very start that we do not place much 
emphasis on Planck’s constant (or on so-called deformation quantization either): 
as it is necessary to explain our reasons, we shall, very temporarily, introduce such 
a constant and denote it as e, since h has been consistently used in this text to 
denote functions on The e-dependent one-dimensional Weyl’s quantization 
rule is (compare (2.1)) 

{Op{h)u){x)= e^^^~y'>^u{y)dyd4. (19.1) 

Let us start with a discussion of the variety of composition formulas available 
in the Weyl calculus, i.e., the variety of ways to analyze the sharp operation, 
defined by 

Op(/ii#/i2) = Op(/ii) Op(/i2) ■ (19.2) 

Introducing the symplectic form [ , ] defined by 

[{y,v),{zX)] = -yC + zv, (19-3) 

the first formula (hereafter referred to as the global integral composition formula) 
appears in two fully equivalent versions, to wit 

(fii#/i2)(X) = -4 / hi{Y)h2{Z)e-^^^-^’^-^UYdZ (19.4) 



(where it has been found convenient to denote the pair (x,^) as X G M^), and 



(/ii#fi2)(X) = {e“^-^(/ri(X + Y) h2{X + Z))} {Y = Z = 0) , (19.5) 



where L stands for the operator, on functions of (Y ; Z) 
by 



-1 



dydQ ^ dzdrj 



iiy,VyA^,0), defined 



inL = (dirr) 



(19.6) 
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The Moyal formula is obtained after one has expanded the exponential 
exp(iTreL) as a power series in e: it reads 



(hi#h2)(x,0 

= y(^Y y til 

^\4i7T/ ^ j\k\ 



dx 



d 



k 

hi{x,0 



dV 



dx) 






3 

h2{x,0- 



(19.7) 



Of course, the right-hand side makes sense, as a finite sum, in the case when the 
symbols h\ and h 2 are polynomials with respect to, say, the second variable, with 
smooth functions of the first variable as coefficients: these are just the symbols of 
linear differential operators. That the formula (with e = 1) is still correct, in some 
suitable asymptotic sense, when hi and /12 lie in appropriate classes of symbols, 
is part of the subject of pseudodifferential analysis, and may require some care. 

The role of the parameter e is fully justified in the Weyl calculus itself, as 
it is the parameter which distinguishes one particular representation in the main 
“series” of irreducible representations of Heisenberg’s group. That a small param- 
eter should be considered in the so-called semi-classical analysis of general and 
difficult problems of partial differential equations (the literature on this is im- 
mense) is also, of course, beyond doubt. We are not forgetting, either, that the 
pioneers (Bohr, Dirac . . . ) of quantum mechanics did put emphasis, in their “corre- 
spondence principle” , on e as making (through a limiting process) the connection 
from quantum mechanics to classical mechanics possible. However, it would lead 
to a considerable loss of information (and interest) to systematize the role of such 
“small” parameters in situations where a large group is present, in which one can 
do much better, relying instead on the combined resources of harmonic analysis 
and spectral theory. 

In this text, we made almost no use of the Heisenberg representation (of 
Heisenberg’s group) into T^(R), which one may regard as a projective represen- 
tation (i.e., a representation up to the correction by complex factors of modulus 
one) of the additive group of into T^(R), namely that defined (we now fix 
e = 1) by 

(r(y, v)u){t) = u{t - y) )>' . (19.8) 

Starting from the function Ui {cf. (2.23)), hereafter denoted as t/;, such that = 
2 i ^ one gets a total set {^pz) in L^(R) if one sets ^px+iy = '^{x,y)'ip‘ More 
precisely, ||u|p = \{ipz\u)\‘^ dx dy for every u t L^(R) or, equivalently, 

u= {'ipz\u)'ipzdxdy . (19.9) 

Jc 

Of course, it should be clear to the reader that the subscript 2 : G C in (19.9) 
bears no relation to the subscript 2 : G H in Uz /in (2.23). In the first case, it is the 
Heisenberg representation that is involved; in the second case, the metaplectic one. 
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Another symbolic rule (though one can hardly consider it as a symbolic calcu- 
lus of operators) is that which assigns to an operator A on (M) (under extremely 
weak assumptions regarding A) its Wick symbol /, the function on C defined by 
f{z) = {'iPz\AxIjz)l‘^{r)‘ In the reverse direction, the operator with anti-Wick symbol 
g {g living on C too) is defined as 

OPanti-wick(5)w= / g{x + iy){'4}:^+iy\u)'tl)^+iydxdy . (19.10) 

Jc 

Recall that, with A — —^2 — ^2 on C = R^, any operator with an anti- 
Wick symbol g has a Weyl symbol h = exp (— ^) g^ and every operator with a 

Weyl symbol h has a Wick symbol / = exp Going backwards, however, 

is impossible. 

The rank-one projection operator u has the Dirac mass at the 

point z as its anti- Wick symbol. In the Weyl calculus, the Dirac mass at z — x+iy 
is associated to the involutive operator with 

(a,u){t) = u{2x - t) : (19.11) 

this operator is closely linked to the symmetry Sz • w 2z — w on the phase space 

C since 

az Op{h) cTz = Op(h o Sz) (19.12) 



for every symbol h. 

In all that precedes, it is not more difficult to start with R’^ rather than 
R. This is of course not the case in the non-commutative generalizations about 
which we shall briefly report now, and the rank-one situation, in particular that 
concerned with the upper half-plane II, has been considerably more developed 
than the higher-rank analogues. 

Given any hermitian symmetric space II (admitting a bounded realization), 
the reproducing kernel property of the Bergman space of II or, more generally, of 
Hilbert spaces H of holomorphic sections of appropriate line bundles on H, 
makes it possible to assign to each point z of H a vector 'ij^z in a canonical way, so 
that the Wick-anti-Wick calculus of operators can be generalized right away: this 
was done by Berezin [6, 7], the pair of symbols taking the name of covariant and 
contravariant symbols. The connected component G of the identity in the group 
Aut(n) of complex automorphisms of H is a Lie group, acting transitively on H 
(then li = G/K with K compact), and there is enough group structure in the 
whole construction to enable Aut(H) to act on H through a unitary representation 
7T, or at least a projective unitary representation. Instead of generalizing the Wick 
calculus, one can generalize the Weyl calculus in such a way that, just as in (19.11)- 
(19.12), the Dirac mass at z G H should give rise to the operator az^ a self-adjoint 
operator associated through the representation tt to the geodesic symmetry Sz on 
n around z. 
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It is not at all our point, in this section, to discuss the merits of the two quan- 
tization rules, generalizing Wick’s and Weyl’s: let us just mention that, in parallel 
with the two species (covariant and contravariant) of symbols in the generalization 
of Wick’s, there is a pair of (active and passive) symbols in the generalization of 
Weyl’s. When viewed globally (we shall explain what this means in a moment), 
the generalization of the Weyl calculus certainly qualifies as a pseudodifferential 
analysis, at least in the examples which have been treated, while the Berezin cal- 
culus does not, as it suffers from the same defect as the Wick calculus: there is no 
going back from the covariant symbol to a contravariant symbol. 

The only hermitian symmetric space II which has been considered in this 
work is the upper half-plane: the family of Hilbert spaces to be considered is then 
the family (i^r+i, ^ > — 1)5 introduced in Proposition 7.1 (the projective discrete 
series) and the main features of the calculi generalizing Wick’s, or Weyl’s, have in 
this case been recalled in [62, Section 17]. 

What we wish to emphasize in this last section is that the quantization 
method suggests a variety of problems in harmonic analysis, having to do with 
the concrete spectral decomposition of several interesting operators: a few of them 
have been treated by several authors. 

A typical example of such problems is the spectral characterization of the 
operators on the phase space (this is where symbols live, as opposed to the config- 
uration space where, in some realization as functions, elements of H do) linking 
two species of symbols of the same operator: for instance the contravariant and 
covariant ones, or the active and passive ones. The first of these two problems has 
attracted a lot of attention in recent years. Actually, a formula was given by Berezin 
himself [7] , who did not have the time to write a proof. A complete proof, not for- 
getting the exceptional domains either, was subsequently given in [64], and more 
general situations (for instance that of matrix- valued Berezin kernels) were stud- 
ied, very recently, by van Dijk, Hille, Molchanov, Pevzner [16, 17, 18], Zhang [72], 
Neretin [37, 38]. Arazy and Upmeier [2] went further in that they first considered 
real symmetric domains (where, of course, one is not, in general, properly dealing 
with symbols of operators^ but some of the theory subsists): they also solved [1, 3], 
for all rank-one domains, the question of spectrally analyzing the link between the 
active and passive symbols of one operator. This latter, more difficult, problem, 
had only been solved, previously, in the case of the upper half-plane [55]. 

Many questions, concerned with the explicit spectral theory of invariant (not 
differential) operators in homogeneous spaces, are of great significance in this di- 
rection. For instance, can one have a theory that would be valid for phase spaces of 
the symmetric non-Riemannian type? A first approach in this direction was given 
in [35, 60], where the case of the phase space G/MA with G — SL{2,R) (the 
one-sheeted hyperboloid, when viewed as an orbit in the coadjoint representation 
of G), was considered. As it turns out, this is the good choice of a phase space if 
you wish to have a symbolic calculus of operators acting on the Hilbert space of a 
representation taken from the principal series of representations of G (recall that 
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the representation Pr+i, defined in Proposition 7.1, for which the Wick-type or 
Weyl type calculi are available, is taken from the projective discrete series). 

Another question concerns the use of the horocyclic space GjMN = M^/(x, 

~ (—X, — ^) and its higher-rank generalizations. It is important for the following 
reasons. The operator, referred to above, linking the active and passive symbols 
of the same operator, contrary to that linking the contravariant and covariant 
symbols, is a very nice invertible operator [55], which would (as well as its inverse) 
be called a pseudodifferential operator in any symbolic calculus of operators one 
would like to make available, with II taking the role of the configuration^ rather 
than phase, space. However, it would be even nicer if this operator, linking the 
two species of symbols, were simply the identity operator. First, one should realize 
that the map: active symbol i— > operator and the map: operator i-h^ passive symbol 
are the adjoint of each other (the same goes with the pair contravariant-covariant) 
if one considers on one side the space of L^-functions on the phase space, on 
the other side the space of Hilbert-Schmidt operators on the Hilbert space H 
of functions on which operators are supposed to act. It then becomes clear that 
only one species of symbol will do if it realizes an isometry between the Hilbert 
spaces of symbols and operators under consideration: this is satisfied, for instance, 
in the case of the Weyl calculus, and it is a very desirable property. Now, using 
the method of [56], one should be able to implement such a program if, instead 
of using a hermitian symmetric space G/K as a phase space, one would use the 
appropriate space of horocycles. In the case when G — S'L(2,M), this led to the 
definition of the horocyclic calculus {cf. Section 6); in the higher-rank case, it 
should work too: the proper harmonic analysis on the phase space itself can be 
found in [23, Chapter 2], and its two most important properties are that invariant 
operators on the horocyclic space are much easier to describe than on the space 
G/AT, next that an appropriate Radon transformation connects the analysis on 
the two homogeneous domains. 

We now come to the question of composition formulas: as will be seen, it raises 
a host of interesting questions, again of a spectral-theoretic nature, in a harmonic 
analysis setting. From the beginning of this section, one may expect that several 
answers to this question may be possible. First, we discard the Moyal-type formula 
(19.7) as well as the attempts at generalizing it with hermitian symmetric spaces 
as phase spaces: no such formula can be relevant. Berezin did suggest one in [7], 
but that was after he had identified the ratio of two Gamma functions with the 
asymptotic expansion one can get from an application of Stirling’s formula: his 
point of view in this early work was that the parameter which we have denoted as 
r in the case when G = 5'L(2, M) should be understood as the inverse of a “Planck’s 
constant” and, true enough, if you neglect remainders formally lying in (9(r“^), 
you will be able to give some kind of justification to Berezin’s composition formula. 
However, we now explain why this is not a correct point of view. First, there is 
no such thing as a calculus of operators using solely, say, the covariant species of 
symbol: there is a trivial formula enabling one to find the co variant symbol of the 
product of two operators with given contravariant symbols, but there is no going 
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backwards from a covariant symbol to a contravariant symbol. So, let us take 
instead a calculus in which such a composition of symbols can exist, for instance 
the one defined by the passive symbol. In the case when G = S'L(2,M), a fully 
explicit “global” such formula was given, a generalization of (19.5). Let us observe 
that the formula (19.5) has three ingredients: a chart (that defined 

by ^x(^) = X + Y) for every point X of the phase space, the e-dependent 
exponential function, and the operator inL on R^. In the case when the phase 
space is the upper half-plane, it was found in [58] (one can also find the formula in 
[62, (17.36)]) that a formula with the same kind of structure, and exactly the same 
operator inL, works, with the following modifications: first, the chart becomes 
a ^-dependent chart (easily defined in terms of the normal geodesic coordinates 
around 2 : on II) from R^ onto II. But next, and most important, the exponential 
(e-dependent) function must be replaced by a certain explicit function Er{i7rL) 
with an essential singularity at r = 00 when its dependence with respect to this 
parameter is concerned: thus, Taylor expansions with respect to are essentially 
meaningless. 

We shall not raise the question whether analogues of the formula we have just 
been discussing to the higher-rank case can be found: this is probably untractable, 
and we shall suggest in a moment a different, deeper formulation of the composition 
problem. Meanwhile, let us note that some questions concerning the active (or 
passive, there is no distinction at this point) calculus have been answered in the 
affirmative in some higher-rank cases. The following question is quite natural in 
view of experience with pseudodifferential analysis, and its solution relies as much 
on methods developed in this context [53], in particular the systematic use of 
families of coherent states and the appropriate concept of Wigner function, than 
on harmonic analysis: is it true that symbols on II which are and satisfy 

the property that they remain bounded functions after having been applied any 
operator in the differential algebra D{G/K)^ give rise to bounded operators (on the 
relevant Hilbert space)? For two different series of hermit ian symmetric domains, 
the positive answer was given in [57], then [66]. A more detailed analysis of the 
characterization of certain classes of operators by properties of their symbols has 
been developed in the case of the upper-half plane [58]. For contravariant symbols, 
of course, no such question is of any interest since very bad symbols yield very 
good operators, in general: of course, poor operators may have excellent covariant 
symbols. 

There is no doubt that Moyal’s type formulas like (19.7), which give some 
approximation of the symbol of the product of two operators in terms of local 
operations (such as Taylor expansions), are the quintessence of the way pseudodif- 
ferential analysis is applied to problems in partial differential equations. It is true, 
too, even though this may have only historical value by now, that the founding 
fathers of quantum mechanics viewed the quantization problem as a link between 
operator theory and geometry on the phase space, based on the use of such tools as 
Poisson brackets and related concepts (canonical transformations . . . ). However, 
our point is that one should more properly view the quantization method as a link 




234 



Chapter 4. Further Perspectives 



between the spectral theory of operators on the configuration space and the phase 
space respectively. 

Consider the case when the phase space A' is acted upon, in a transitive way, 
by some group G of measure-preserving transformations: assume, also, that the 
symbolic calculus you are considering is covariant {cf. (2.4)) under this action of G 
and a certain representation tt of G in H. This means that 7 t(^) Op(/i) 7 t(^)“^ = 
Op{ho g~^) for every admissible symbol h and every ^ G G. In the nicer cases, the 
regular representation of G into T^(A’) will decompose as a superposition (both 
a continuous integral part and a series will be needed in general) of irreducible 
unitary representations of G. It thus makes sense to ask for a formula that would 
give the composition of symbols in relation to such a decomposition: in other 
words, we want to put our hands on the terms of the decomposition of /ii#/i 2 in 
terms of those of hi and 

We want to briefiy report about cases when this program has been imple- 
mented, and tell why we view this way of looking at composition formulas as a 
fundamental one. First, consider the case of the Weyl calculus (the n-dimensional 
case would work just as well). If you are interested in its covariance under the 
Heisenberg representation, the group G to be considered is acting upon it- 
self by translations. Now the differential operators on the phase space which 
commute with this action are the differential operators with constant coefficients, 
and the joint (generalized) eigenfunctions of this algebra of operators are just the 
exponentials X i-> G R^: this provides the decomposition of L^(R^) 

into irreducibles. The formula we are asking for reduces in this case to 



g2z7r(A,X) ^g2i7r(B,X) ^iTr{A-\-B ,X) 



(19.13) 



now the integral composition formula (19.4) is nothing else than this formula, 
coupled with the Fourier inversion formula on R^ . A totally different way to look at 
the (one-dimensional, in this case) Weyl calculus is to forget about the Heisenberg 
representation and interest oneself in the metaplectic representation instead: then 
the geometric action of the group G = 5L(2,R) on R^ is the linear action, the 
Euler operator generates the algebra of invariant differential operators on the phase 
space, and the decomposition of L^(R^) into irreducibles is the decomposition into 
homogeneous components (there are some extra signs to be considered unless, as 
we have done in this work, one is only interested in even symbols: cf [62, Section 
5]). Then the composition formula is nothing but the one the proof of which has 
been detailed as Theorem 17.1. Recall from the remark at the end of Section 17 
that the last formula has an extension to the Op^-calculi. 

Consider now the quantization rules associated with various homogeneous 
spaces of G = S'L(2,R). Let us start with H = G/AT, and the symbolic calculus 
defined by means of the passive symbol in the Pr+i {cf. Proposition 7.1)-calculus: 
Section 17 in [62] contains a complete set of formulas, of a spectral-theoretic nature, 
relating the various calculi available in relation to the representation Pr+i- The 
Laplacian A generates the algebra of G-invariant differential operators on H, and 
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the question is to give the spectral decomposition, as defined by Mehler’s formula 
(11.4)-(11.5), of the sharp product (from the -calculus) of two symbols fi 

1 I \ ^ 

and / 2 , (generalized) eigenfunctions of the Laplacian for the eigenvalues ^ and 

1 “1“ 1 

^ ^ respectively. Here it is, in the case when r = 
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X (^/i X f2j : (19.14) 

recall from (11.2) that /i x /2 and fi x /2 denote the pointwise product and 

half the Poisson bracket of the two functions under consideration. We shall not 

prove this formula here, only explain how this can be done. First, one should break 

the formulas in Theorem 17.1 into two parts, so as to consider the even-even and 

1 

odd-odd parts of the Weyl calculus separately. Next, use the maps 6^even and 

3 

*^odd’ defined in (6.9) and (6.10), to transfer the two parts of the even Weyl 
calculus to two calculi acting on the spaces associated with the two representations 
Vi and P| respectively: what one gets is the two horocyclic calculi (Theorem 
6.1) relative to these representations. Now, [62, (17.20) and (17.15)] relates the 
horocyclic symbol of an operator to its passive symbol, in terms making use of 
the Radon transformation. Finally, (17.95) and (17.98) permit one to relate the 
bilinear operations on H in (19.15) to the operations on associated with the 
integral kernels x^i ^ 2 ; ^) which occur in the formulation of Theorem 

17.1. In the case when r = 0 (the Hardy space), a formula analogous to (19.14) 
has been given by our student Marzi: the coefficients to be substituted for the 
products of Gamma factors, however, involve [32] two-dimensional integrals. 

From the point of view of harmonic analysis - though possibly not from that 
of pseudodifferential analysis - this way of looking at the composition formula 
has some features which are more essential than the global formula referred to 
above: for it does not really care about which (covariant) symbolic calculus you 
are using. For instance, if you wish to use the active symbol rather than the passive 
symbol, some complicated change is needed in the global formula: but in (19.14), 
all you have to do is to insert three extra factors, depending on Ai, A 2 and on A 
respectively, making up for the connecting link (expressed in spectral-theoretic 
terms [62, (17.15)]) between the two calculi under consideration. 

Still in the case when G = *S'L(2,R), one can do the same with the phase 
space X = GjMA (a one-sheeted hyperboloid) instead of GjK. Now [47], the 
decomposition of L^{G/MA) involves both a continuous part and a discrete part: 
the latter one is the Hilbert sum of the representations T> 2 k^ k = 1 , 2 ,.... As 
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said before, the space G/MA is a good phase space for the symbolic calculi of 
operators acting on the Hilbert spaces of representations taken from the principal 
series (Tr^A) (the complementary series would do just as well). As has been proved in 
[63], the discrete part of I? [G/MA) is closed under the sharp product of symbols, 
and there are some fully explicit series of differential bilinear operators permitting 
one to compute the components (under the action of G) of the sharp product 
of any two such symbols: in this case, and for this part of the calculus, there is a 
Moyal-type series (but, again, certainly not a power series in the Gamma-like 
coefficients, as functions of A, have an essential singularity at infinity), and it even 
converges in the sense. 

One of our incentives towards obtaining such a formula had been the following 
fact, established as a lemma by H. Cohen in [12], and also reported about in [71]: if 
fi and /2 are holomorphic modular forms (with respect to any arithmetic group) 
of weights ki and k 2 and j is a non- negative integer, the function 

= (*’■+/■') ( 19 . 15 ) 

is a holomorphic modular form of weight ki + /c 2 H-2j. One cannot fail to recognize 
this fact as a fact of covariance and, indeed, the various terms in the composition 
formula, in the case under consideration, are just provided by the Cohen bilinear 
machine, up to the (A-dependent) coefficients [63]. A related idea (without any 
symbolic calculus of operators^ though) was developed, independently, in [13]. 

This may be a good place to start introducing considerations relative to 
automorphic function theory. But before doing this, we may raise the question 
of generalizing this way to look at the composition formula to higher-rank cases. 
As said before, we consider it as both more tractable and deeper, at least from 
the point of view of harmonic analyis, than the search for global formulas. It 
might start with the systematic search, on homogeneous spaces A, for invariant 
(in some obvious sense) bilinear operations, defined on pairs of (generalized) joint 
eigenfunctions of the algebra D{X) of invariant differential operators: in the case 
when X is the upper half-plane, there are essentially two such operations, namely 

the operations (/i,/ 2 ) (/i x f 2 )\ which occur in (19.14). More operations are 

j 

to be expected in the higher-rank cases. 

Lifting automorphic functions from r\H to functions on T\G, as is usually 
done [8, p. 242], one may look at the problem of developing automorphic pseu- 
dodifferential analysis from a fairly general point of view, very similar to what 
precedes: namely, modular forms appear as the building blocks in the decompo- 
sition of the right regular representation of G in the appropriate L^-space, and 
the question is to compute and decompose the sharp product (with respect to 
some calculus) of any two such forms. There are many obvious questions which 
may be raised in this context. In the present work, we have considered only the 
case when T = 5'L(2,Z), certainly an interesting one since both a continuous 
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and a discrete part are involved. Could one do something similar, at least, say, 
when SL(2,Z) is replaced by some congruence subgroup? In the cocompact case, 
could one find interesting formulas in connection with, say, quaternion algebras? 
Since any Riemann surface with genus > 2 can be realized as a quotient of IT 
by such an arithmetic group, this would be a good way to answer the problem 
of quantizing all Riemann surfaces. Of course, higher-rank analogues can be ex- 
pected to be much more complicated, since Siegel’s domains are to replace the 
upper half-plane: but, looking back at the introduction of [67], one may remember 
that A. Weil had such modular forms in mind when he introduced the metaplectic 
representation. Needless to say, the introduction of a “small parameter” would be 
even more counterproductive in the arithmetic context. 

Finally, let us just mention that, when the parameter r in Pr+i goes to oo, 
the representation has a non-degenerate limit or, more properly said, contraction: 
in this case it is a representation of the (3-dimensional) Poincare group of lowest 
dimension. There is, then, a perfectly canonical symbolic calculus “in the limit” 
which, under increasing degrees of generality, was developed in [54, 59, 65] under 
the name of “Fuchs calculus” . Contrary to all the other calculi mentioned in the 
present section (with the exception of the Weyl calculus), the Fuchs calculus ad- 
mits composition formulas of the Moyal type, valid in the asymptotic sense for 
appropriate classes of symbols, which should make it useful as a pseudodifferential 
analysis, though applications to partial differential equations have not yet been 
carried far enough. 

As a byproduct of [59], symbolic calculi meant as calculi of observables fully 
compatible with the principles of special relativity have been developed (the Klein- 
Gordon and the Dirac calculi) : a very short exposition of the fundamentals of these 
two calculi can be found in [61]. It should be observed that these depend on two 
constants (Planck’s constant and the velocity of light), and that the Weyl calculus 
is of course the limit of the Klein-Gordon calculus as c oo: the point of this 
remark is to recall that, in physics, Planck’s constant is far from being the only 
“small constant” of interest. It is only after we had developed the Op^-calculi 
in view of their applications to the automorphic pseudodifferential analysis that 
we realized that, again, these calculi can be viewed as the calculi of observables 
(satisfying a certain superselection rule) associated with some elementary particle, 
in this case the neutrino, as was shown in Section 8. 
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